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FOREWORD
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ABSTRACT

The design and utilization of military aircraft in forward area
situations has required a continual investigation of those factors which
define the aircraft flotation performance and surface operating capability
on semi- and unprepared soil runways. This report summarizes these
efforts conducted under Phase I.I - Part II of a continuing research program
in landing gear/soil interaction.

Phase Il. - Part II consisted primarily of a comprehensive investi-
gation of the flotation variable of braking and how braked tire/soil inter-
action influences flotation performance. A series of full scale braked
tire tests were conducted in a sand and clay type soil. An analytical study
of braked tire/soil interaction was also made using a lumped parameter
technique to simulate the soil. The results of these investigations resulted
in two braking analysis equations which can be used to predict the braked
tire drag ratio, RB/P (where RB = braked drag force, P = vertical tire load),
for aircraft type tires operating in sand and clay type soils. Both the braking
tests results and analysis equations apply to a limited speed range (0 to
15 knots).

Additional studies were also made, on a preliminary basis, of the
flotation variables of multipass and speed. An update of the Aircraft
Flotation/Operation Summary Guide, initially presented in the Phase III -

Part I Final Report, is also presented.
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SECTION I

INTRODUCTION AND AIRCRAFT FLOTATION/
OPERATION SUMMARY GUIDE

A number of comprehensive efforts ( 1 -7 ) have been conducted in recent

years in studying the problems associated with the operation of military air-

craft on forward area soil runways. The results of these efforts have led to

an identification of what have been termed the primary and secondary

variables which influence aircraft flotation/operation performance. The
primary variables are aircraft surface drag, sinkage, multiple wheel effects,

braking, soil surface type and strength, and tire size and contained air

pressure. Secondary variables include multipass, speed, turning, landing

impact, surface roughness, texture, and stress hardening characteristics.

The current research effort described in this report is a part of a con-

tinuing research program sponsored by the United States Air Force. The

objective of this continuing research program is to: (1) analytically define

landing gear-soil interaction; (2) develop a system for comparing and rating

the flotation capacity and surface operating capability of landing gear contact

elements and landing gear systems during aircraft operations on soil run. -ys;

and (3) to develop systematic design procedures for optimizing the flotation

and surface operating capability of future aircraft. Phase I (6 ) of this program

included a survey of the flotation problem, establishment of the critical

parameters, and an investigation of available flotation data leading to the
(2)development of a flotation analysis equation. Phase II included the

development of an empirical sinkage prediction equation, development of a

lumped parameter simulation sinkage prediction technique, conducting the

Rolling Single Wheel Verification Tests, and the development of the Single

Wheel Relative Merit Index (RMI) system for defining comparative flotation

capacity (see Figure I for a typical comparative rating). Phase III - Part IMI )

consisted of the development of the multiwheel sinkage-drag analysis

equations, conducting the Multiwheel Verification Tests, and the develop-

ment of a lumped parameter iteration technique for simulating the
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AIRCRAFT LANDING GEAR

(R/P) M FLOTATION RATINGS

I Based on:
0. 00 Rolling Drag (including multiwheel
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30 Knot Speed Range.

C-123K -_C-119G

0.05

C-131E -
14

0. 1 0 C-130E The air~craft listed are
C - rated based on data

taken from References

C-133B .n 8, 9, and 10, using the
a. conditions listed below:

0.1315 Soil Strength z 8 CBR
.0 (250 Clayg)

Normal Landing Weight
02 Normal Tire Deflection

KC97G N Clay Type Soil

0.20 U
Cd

U
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Figure 1. Cargo Type Aircraft Landing Gear Flotation Ratings
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interaction of dual tires on soil. Phase III - Part II, described herein,

included:

- Braked Wheel Verification Tests

- Lumped parameter braking simulation technique computer program

- Development of braking analysis equations for defining braking
drag ratios

- Preliminary studies of multipass and speed effects.

The results of the tire/soil interaction studies conducted to date, as

well as the results of numerous mobility studies, were used to develop

the Aircraft Flotation/Operation Summary Guide presented in Table I.

The information contained in Table I provides an up to date review of

flotation information for aircraft operations and design personnel. T'le

details of the development of this information are available in past

reports ( 1 - 7 ) . Reference to Table I indicates that considerable progress

has been made to date (1971) in establishing and verifying the criteria for

the primary flotation variables of sinkage, drag, multiwheel, and braking.

Based on these criteria it is now possible to develop systematic landing

gear design procedures. One such system which was recently developed

is detailed in Figure 2. The basis of the design approach uses drag and

sinkage as the optimizing variables in selecting candidate landing gear

designs. Each design is then further evaluated by the multipass analysis

procedure and the resulting information is used to select the finalized

landing gear design. As additional information becomes availabl . on landing

gear loads, aircraft turning interactions, landing gear storage volumes,

and weight trade-offs, a full optimization design procedure will be developed.

LA
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SECTION II

BRAKING SINKAGE AND DRAG ANALYSIS

A. BRAKING VERIFICATION TESTS

Purpose and Objectives

The purpose of the braked tire on soil test program was to obtain

data for the further study and development of theories concerned with

predicting the influence that braking action has on aircraft tire performance

on soil. Verification and possible modification of the previously developed

semi-analytical braking theory ( 1 ) was of primary interest. The specific

objectives include:

1. Verify the variation of sinkage with increasing percent negative

slip (braking) for tires operating in sand and clay type soils.

2. Further establish the variation of the shear force at the tire

soil interface with percent negative slip (braking).

3. Study the influence of speed, in the limited velocity range of 5 to

20 fps, on braked tire drag and sinkage in sand and clay type

soils.

4. Comparatively study test data with braked tire drag ratio pre-

diction equations and also the lumped parameter iteration

braking solution.

5. Evaluate the influence of high tire deflection on braked tire drag

and sinkage in sand and clay type soils.

Test Program

(3)
Based on a previous experimental braking study( , speed was

observed to influence both sinkage and drag for aircraft tires braking in

soil. Due to current funding limitations, however, only a limited velocity

range was studied in this test program, while also accomplishing the

previously listed objectives. The test program was designed to give drag

and sinkage data that was in the range of application to aircraft flotation

L ______



analysis. The test program which is summarized in Tables II and III for

the clay and sand type soil was run with a 7:00-6, 6PR Type III tire, and a

8:50-10, 8PR Type III tire. Both of these tires had been used in the previous

flotation test programs, and therefore, offered the best conditions for

correlation of the current test data with that information obtained previously.

The following parameters were measured for each test:

Vertical Load (P)

Drag Load - Rolling (R) and Braked (RB)

Braking Torque (TI)

Wheel Velocity (Peripheral)(V)

Carriage Velocity (Va) for calculation of % slip (S)

Wheel Axle Vertical Movement (Z a)

Soil Strength (CIavg)

Rut Depth (ZR)

In addition to the variables mentioned above, complete sets of tire

data including such items as measured rigid surface contact area (A), and

footprint length (1) were taken for both tires. Soil strength data including

density, moisture content, and cone index values were obtained periodically

during the testing. The instantaneous soil sinkage (Z) can be determined

using the measured values of axle movement and rut depth.

Test Equipment

All braked wheel validation tests in this program were conducted at

the U. S. Army Waterways Experiment Station (WES), Vicksburg,

Mississippi, at the model wheel facility of the Mobility and Environmental

Division between the dates of April 14, 1971 and May 12, 1971. WES

modified their basic dynamometer slightly during the program to accomplish

the tests. Initially, the tests were to be of a programmed slip type, but

the equipment that was to apply the braking torque to the tire was not

capable of completely stopping the tire from rolling. As a consequence

of this, the test procedure was modified slightly, in that the slip (braking)

7



TABLE II

BRAKED WHEEL VERIFICATION PROGRAM - CLAY

7:00-6, Type III tire

8:50-10, Type III tire

Tire Deflec- Vertical Forward Soil Strength,
Tire tion, % Load, lbB. Velocity, fps (CI )

(d) (P) (Va) avg

7:00-6 35 900 5 40

7:00-6 35 900 10 40

7:00-6 35 900 20 40

7:00-6 42 1100 5 40

7:00-6 42 1100 10 40

7:00-6 42 1100 20 40

8:50-10 35 1500 5 40

8:50-10 35 1500 10 40

8:50-10 35 1500 20 4%j

8:50-10 42 1700 5 401

8:50-10 42 1700 10 40

8:50-10 42 1700 20 40

8
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TABLE III

BRAKED WHEEL VERIFICATION PROGRAM - SAND

7: 00-6, Type I tire
8:50-10, Type III tire

Tire Deflec- Vertical Forward Soil Strength,

Tire tion, 0 Load, lbs. Velocity, fps (CI )
(d') (P) (Va) avg

7:00-6 35 400 5 40

7:00-6 35 400 10 40

7:00-6 35 400 20 40

7:00-6 42 450 5 40

7:00-6 42 450 10 40

7:00-6 4Z 450 z0 40

8:50-10 35 600 5 40

8:50-10 35 600 10 40

8:50-10 35 600 20 40

8:50-10 35 1000 5 40

8:50-10 35 1000 10 40

8:50-10 35 1000 20 4,1

8:50-10 42 700 5 40

8:50-10 42 700 10 40

8:50-10 42 700 20 40

9



is not a linearly increasing function along the test track. Figure 3

shows the dynamometer with the 8:50 x 10 tire mounted.

Test Tires

As mentioned above, two previously used tires were chosen for

this test program. The tires were the 7:00-6, 6 PR Type III and the

8:50-10, 8 PR Type II. The tire geometry data for these two tires

can be found in Table IV.

Soil Tests and Preparation

The two soil types chosen for these braking tests were buckshot

clay and mortar sand, both of which were used in the previous multiwheel

and single wheel testing programs. Two purposes were fulfilled by the

soil tests conducted, first to insure an accurate description of the test

soil and its uniformity, second to allow possible correlation to other tire

soil interaction theories by collecting an optimum amount of information

describing the soil. The soil tests that were conducted are moisture and

density determination, mobility cone penetration resistance (CI), and

the California Bearing Ratio (CBR). A complete description f each soil

test is given in Appendix I. The summary of the correlation data taken

to relate CBR and CI is presented in Table V. The summary of theavg

moisture-density determination is in Table VI.

Test Results - Buckshot Clay

The finalized test results for the 21 tests run in buckshot clay are

presented in Tables 16 through 36 which are presented in Appendix I. The

data presented represent average values of the measured quantities, as

obtained by plotting the test parameters versus the test bed length and

then reading off the values of load, tire drag, sinkage, and braking torque

for even values of slip. A typical plot from one of the clay tests is shown

in Figure 4. As can be seen in tiis figure, the slit was continually varied

throughout the test in order to study the variation in braking drag with slip.

10
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TABLE V

TEST BED SOIL CONDITIONS

Design Soil Strength CIavg CBCR
Soil Type CI ag(0"t to 6"1) Ott to 6"1 CB 0.1 1" R 0. 21t

Buckshot Clay 40 38. 9 1. 13 0. 88

Mortar Sand 40 43.9 1.86 1.48

TABLE VI

MOISTURE- DENSITY DATA SUMMARY

Average Conditions
Design Soil Strength Dry Density Moisture Content

Soil Type CI ag(0", to 6"1) _yd (Pcf) w M%

Buckshot Clay 40 77.5 41.9

Mortar Sand 40 100.4 lesthan 1.0

414

A 4
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All the tests were run with the slip varying from approximately 1076 to 10070

(100% slip is a fully braked tire). All tests did not reach 100% slip. This

was accomplished by holding the carriage speed constant while reducing

the peripheral tire velocity during each test run. The C1 value given in

the tables in Appendix II represents the average value of five before-traffic

tests and is given as the average penetration resistance over the first six

inches of soil profile in psi. The sinkage values reported were arrived at

through empirical relationships relating tire sinkage to both rut depth and

axle movement. Soil strength measurements made in the tire ruts after

each test are included in Appendix I.

Test Results - Mortar Sand

The finalized test results for the 19 tests run in mortar sand are

presented in Tables 37 through 55 which are presented in Appendix II. As

with the clay data, the values given in these tables for the various parameters

were obtained by plotting the test parameters versus the test bed length and

reading the values of ,oad, tire drag, sinkage, and braking torque for even

values of slip. Each teqt was a variable slip test, where the tire started

at zero slip (free rolling) and was braked to a value of 100% slip (fully

braked). All tests did not reach 1007 slip. The soil strength of each test

section was measured by five cone penetration tests before the test run,

and the average penetration resistance over the first six inches of soil

profile is presented. The sinkage values reported were arrived at through

empirical relationships between tire sinkage and both rut depth and axle

movement. Soil strength measurements made in the tire ruts after each

test are included in Appendix I. These results of the Braking Verification

Tests are used in the next section to further develop braking analysis

equations suitable for predicting braked tire on soil drag ratios (braking

coefficients).

B. BRAKING ANALYSIS EQUATIONS

(1,2)i Previous investigations have indicated that in both sands and

clays, the total drag resistance (RB) on a braked tire is a function of two

15



V -- 'Sbmp,- r

c omponents:

RB R + R T

the horizontal soil resistance to forward motion, exclusive of soil shear

resistance, during braking (RR), plus the horizontal component (RT) of the

net shearing force resistance (T) between the tire ai, tL. soil as a function

of slip. Figure 5 shows the forces and interface conditions for such a

braked tire. It was shown during these preliminary investigations ( 1 ,2) that

the R term was independent of slip and could be determined from a rolling

resistance formula as a function of sinkage,

R- f (Z/D) (2)

PI

The RT term however is a function of both slip and sinkage, and a relation-

ship between R T and various tire parameters including slip and sinkage

were determined semi-analytically based on experimental data which existed

at that time (1970).

Summary of Previous Braking Analysis Equations - Cohesive Soils

Using this braking theory, the following preliminary braking prediction

equation for cohesive soil was developed using data developed by WES ( 12 )

and compared to data produced by Lockheed ( B) prior Lo the testing program

described in this report.

RB R R RT K CI avg -D 2

= -p +-p 3.85 (Z/D) + a (ZID) l (S) (3)
p p P

s 1/2 ,where p(S) = (-:00) and

D = tire outside diameter S = percent tire slip

Z = instantaneous soil sinkage P = vertical load

K = 0. 11 CI = average cone index over 0-6" depth
avg

16
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p

PS

5S

V = horizontal velocity of axle T' = braking torque
a

V W = peripheral speed of wheel R R = forward motion soil drag
Z = instantaneous soil sinkage P = vertical soil reaction

S
B = angle defining plane of contact T =tangential shear force

P = vertical load A length of equivalent plane
of contact

R = braking drag
B

Vw
S= percent negative slip (braking) a- 1) x 100

~a

Figure 5. Braked Tire/Soil Interface Conditions

17
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The R R term was developed from rolling tire data for clay type soils as

previously reported (2 . The RT term was developed from the horizontal

component of tangential force (T) shown in Figure 5. The tangential force

is calculated based on the Coulomb theory for shear force at an interface

as

T = A Z (c + a ta4) p(S) (4)

where

A Z = area of equivalent plane of contact at sinkage Z

c = soil cohesion

= effective normal stress

= angle of internal friction of soil

p(S) = nonlinear function of slip.

The horizontal component of T is given by

RT = Az (c + a tan)p(S) cose (5)

where

0=900 - [sinl(l 1Z +_ 1cos-Ill -212 )

where A = tire footpring length (rigid surface). Knowing that . = 0.45D for

most aircraft tires, Figure 6 was developed which gives 8 as a function of

Z/D. For cohesive soils, the tan is zero and the cohesion, c, can be

replaced by the average cone index, CI . Assuming that the equivalent
avg

contact area AZ is a function of the tire diameter squared and the sinkage

ratio, (Z/D), R T was shown to be represented as follows:

RT = K - CI- D (Z/D)1 1 2  I.(S) cos6 (6)

where

K = constant.

18
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It was further assumed that 9 was relative!, small (cosO _ 1. 0) and cose

was dropped from the prediction equation which results in the form given

in Equation (3).

Analysis of Braking Verification Tests - Clay Soil

In order to further study the empirical constant, K, contained in the
R T term in Equation (6), Figure 7 was developed which shows a plot of the

TT
experimentally determined R component of the braking drag divided by

the numeric, [Cl- D-(Z/D)l cose], versus slip as taken from the results

of the Braking Verification Tests. RT was determined by subtracting the

rolling drag, RR , from the total measured braking drag. This was

accomplished by calculating RR as a function of Z/D based on single wheel

rolling tests previously conducted on buckshot clay by UDRI (2 ) . As can

be seen from Figure 7 the limiting value reached by R T/CI D (Z/D) 1/ 2 cose

depends somewhat on the forward speed but in general is less than the K

value of 0. 11 previously established and given in Equation (3). Although

coefficients could be selected for each forward speed, a K value of 0. 08 would

seem appropriate in representing an average response over the 5 fps to

20 fps speed range for higher percent slips.

The results of the Braking Verification Tests were also used to

further study the rate of growth of the RT term as determined by plotting

the value of RT at each slip divided by (RT)max versus percent slip as

shown in Figure 8. Keeping the simple form of p.(S) given in Equation (3)

in mind, Figure 8 indicates that the growth of RT is faster than that

previously indicated, and the revised function which is applicable for

negative slip rates greater than approximately 15/ can I . given as:

I S /3 (7)

where

K constant.

20
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Based on this analysis of the verification tests, the braking

prediction equation for buckshot clay would take the form:

RB RR RT 0.08CI D2  1/2p - p + - = f(Z/D) + (Z/D) P(S)cose (8)

for 5 fps f Velocity -- 20 fps and 0.0 1Z/D<0. 10

where

f(Z/D) = for buckshot clay (see Reference 2)

P(S) S 1/3

Note that the cosB) has been retained here for completeness.

Using Equation (8), the predicted braking drag ratio was compared to

the actual measured data as shown in Figure 9. Reference to Figure 9

indicates an approximate *l0%0 scatter which is due to: (a) the use of an

average K over a velocity range, and (b) the use of a slip function, 4(S),

only approximately describes the rate of growth of the RT term for the

5 fps to 20 fps velocity range. No information is currently available

defining the slip function for speeds greater than 20 fps.

Equation (8) can only be used if the braked sinkage can be calculated.

One preliminary method of braked sinkage prediction is to consider the

braked sinkage as a function of the free rolling sinkage. From a review

of all existing braking data, including WES, Lockheed, and UDRI (see

Appendix II), the maximum braked sinkage is between 1. 5 and 3 times larger

than the free rolling sinkage. Therefore, as an approximation, the braked

drag can be calculated from the above equation assuming that

23
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(Z Braked ax= 2.5 ZRolling (9)

The torque measurement results for the braked tire tests on clay are

represented by the curves presented in Figure 10. No torque prediction

theory has been developed, however, it is interesting to note that the torque

required to brake a tire on soil increases rapidly for low slip values, and

reaches its maximum value at between 25 and 5076 slip as compared to the

braking drag which continuously increases throughout the entire slip range.

As seen in Figure 10 the trend is for the torque to reach its maximum value

at or about 5016 slip and then to remain constant or decrease in value as

the slip increases. The relationship between torque and velocity for the

clay braking tests is seen in Figure 11, where the average torque for

35%0 and 4216 deflection at 90%' slip for each tire is plotted versus velocity.

The torque requirement increases slightly with velocity.

Summary of Previous Braking Analysis Equations - Cobesionless Soils

The following preliminary braking prediction for cc',iesionless soil

was developed using data from WES(12) and compared to data produced by

Lockheed(3) prior to the testing program.

RB RR R T 6D2

S- ---p = 0.048 + 2.77(ZID) +- (i(S) (10)
P1

where

e = P/A, K =29

IIa)S 1/2

and A = rigid surface tire contact area.

The R term was developed from rolling tire data for sand type soils as
R

previously reported. The R term is the horizontal component of the
T

tangential force (see Equation (4)) at the tire soil interface and is given by

25
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RT AZ (c + atar4,) P(S) cose (11)

In the cohesionless soils, the cohesive term, c, in this equation is

zero. Replacing o by a = P/A, where A is the rigid surface tire contact

area, and A by [D 2 " (Z/D)n], Equation (11) can be written as,
z

RT
-T* tanb - p(S) • coso (12)

D (Z/D)
n

Initial analysis of sand data developed from data in the 0 fps to "

5 fps velocity range, indicated that RT was only a weak function of Z/D

and was therefore deleted from the above equation. It was further observed

during braking in sand, that considerable sand flow takes place not only at

the tire soil interface but also ahead of the tire. Based on this observation,

it can be reasoned that the R T term might very well be independent of the

initial soil strength since the sand disturbance and flow very likely causes

the shearing strength to be determined by some large deformation equilibrium

void ratio condition rather than the initial strength. Therefore a preliminary

relationship developed from Equation (12) and the WES braking data( 1 ) was

found to be

RT = OD (S) cose (13)

where K = constant for sand.

It was assumed that 0 was relatively small (cos8= 1. 0) and cosO was

dropped from the prediction equation which results in the form given in

Equation (i0).

Analysis of Braking Verification Tests - Sand Soil

Reference to Table ITM and Table IV indicates that for the braking tests
2conducted in sand that D /A was approximately constant for all the tests

(both 7:00-6 and 8:50-10 tires). Additionally the Z/D's for each test

28



resulted in cosO's which were approximately equal. For the sand braking

tests at S = 100%6, Equation (13) can be written as

RT D 2

T- cose (14)P AK 1I

which implies that their R T/P values should also be approximate'y equal.

Table VII shows this RT/P comparison at each velocity for the 7:00-6 and

8:50-10 tires for sand soil. RT was determined by subtracting RR,

determined as a function of sinkage for mortar sand, from the actual

measured braked drag.

TABLE VII

R T/P COMPARISON, SAND BRAKING TESTS

Va RT/P RT/P
Velocity 7:00-6 Tire 8:50-10 Tire[FPS]

5 0.45, 0.52 0.50, 0.45

10 0.58, 0.59 0.61, 0.58, 0.56

20 0.77, 0.74 0. 79, 0. 74, 0. 74, 0. 72

A review of the above table indicates a definite trend in R T/P with velocity.

The R T/P term increases with increasing velocity which indicates that

D 2/AK is not the same for all velocities. Therefore, K1 must vary with

velocity in sand.

In order to establish a velocity constant for each velocity, the

measured R values were plotted versus the predicted R values using the
T T

previously established K = 29 (see Equation (10)), as shown in Figure 12,

13, and 14 for velL :ity ranges of 5, 10, and 20 fps. Using a best fit Hne

through the plotted data, a correction was applied to the constant K to

account for the variation in predictions for each velocity range. The

adjusted values for K 1 are presented in Table VIII.
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TABLE VIII

VELOCITY CONSTANT FOR SAND
BRAKING TESTS

Velocity, Va (fps) K I Value

5 15

10 12

15 9

The variation of RT/RTmax for sand was also examined based on

the results of the verification tests and the result is given in Figure 15.

Figure 15 shows some scatter of the data by forward velocity but in general

indicates that for slips greater than about 15%, the relationship

P(s) = 5 1/2 (15)

adequately describes the variation of RT with percent slip.

Using the verification test data analysis, the braking prediction

equation for the mortar sand would take the form

R R R -
B RR T aD2

- = +--- = f(Z/D) +K S (s) cose (16)

for 5 fps < Velocity < 20 fps and 0.01 Z/D 0. 10

where

K1 = function of velocity (see Table VIII)

f(Z/D) = R/P for mortar sand (see Reference 2), and

(S) = (--1/2

Equation (16) was then used to predict the braked tire drag ratio

and compared to the measured braked tire drag ratio as shown in Figure 16.
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The scatter in the data is attributed primarily to the use of the approximate

expression for pi(S) for the entire velocity range of 5 fps to Z0 fps.

As for cohesive soils, no torque prediction equation has been

developed, since however the R R portion of R B is the resistance to forward

motion and would be present even if no braking torque were applied, the

RT components in the force relationship acting on the wheel is the force

which balances the applied torque in a steady state braking condition.

That is:

T'(torque) = moment arm x R T .

For sand the R T relationship is given by

RT D2

P AK1

which is a constant for a given velocity range in the verification test data.

The torque would then be given by

T'= moment arm x (P x constant)

If it is assun-ed that the moment arm is proportional to the tire diameter

( K 2 D), then the torque becomes

T'= (K2D) (P x constant) = constant x PD.

Reference to this equation indicates that the braking torque for tires in 4

sand would vary linearly with the product of the vertical tire load (P) and

the tire diameter (D). Table IX shows the results of such a comparison

for the 7:00-6 and the 8:50-10 tires for the verification tests and indicates

that such a relationship is approximately valid.
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TABLE IX

COMPARATIVE TORQUE (AT 90% SLIP) SUMMARY,
SAND TF-STS

Predicted Measured

Velocity, (T)8: 5 0 - 1 0 (PxD)8:5 0 -1 0  (Y)8:50_10
V a$(fps) (P(xx) (Y)a )7:00- 6 1'7:00 -7  7:00-6

5 2.16 2.23

10 2. 17 2.39

20 2.20 2.26

Figure 17 shows the variation of the torque required for braking

in sand as influenced by the percent slip. Unlike braking in clay, the

torque requirements in sand continually increase throughout the clip

range. The influence of forward velocity on the braking torque require-

ments in sand is examined in Figure 18 which shows some increase in

braking torque as the forward velocity of the wheel increases.

As for clays, the resulting drag ratios for braked tires in sand

can only be predicted if the instantaneous braked sinkage is known.

Unlike clays, however, the ratio of the braked sinkage (Z at S = 100%)max

to rolling sinkage (ZR at S = 0%) ranges from approximately 4 to 15

for sand type of soils. On the basis that the fully braked sinkages are

controlled by the resulting large deformation soil strength, it is logical

to expect the ratio of Z max/Z R will be in the upper range (approximately

8 to 15) for high vatues of /Cl avg, while Z max/Z R will be in the lower

range (4 to 10) for low values of o/CI avg. This trend in the variation of

Z max/Z R was noted previously in the analysis of WES's braking dataG) .

While the results of the Braking Verification Tests do not confLrm the

(1)
absolute numbers previously established(

, the trend in the data was

confirmed.
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C. ANALYTICAL BRAKING ANALYSIS (LUMPED PARAMETER
TECHNIQUE)

This section contains a description of the analytical/numerical approach

utilized to approximate the sinkage of a braked aircraft tire into a soil runway.

The approach used is not the same as was originally proposed due to accuracy

difficulties which were encountered. Originally it was intended to use a

finite element mathematical model based on the Reissner energy formulation

of deformable solids. This approach was programmed and tested on a

completely elastic problem for which the solution is known. The stress

results obtained with this program compared quite favorably with the known

stress; howev-r, the displacements were considerably in error. Since

displacements (sinkages) are of greatest importance for this project it was

decided to abandon (temporarily at least) the originally proposed approach.

Therefore, the analytical/numerical approach which was utilized is the

lumped parameter iteration approach which has proved to be successful for

other aspects of this program.

Problem Definition

The idealized problem which was considered is defined below by listing

the assumptions which were made and discussing the loading, reg" on of

solution, and boundary conditions.

Assumptions

A single wheel is in contact with the sample of soil under consider-

ation.

- Only vertical loading and horizontal shear loading are applied to the

soil surface.

- The deformation of the soil material due to the loading considered

results in a state of plane strain; thus, the problem is considered to be

two-dimensional.
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Loading

Figure 19 shows the portion of the soil surface which is loaded by a

uniform vertical pressure, Pn' and a uniform shear distribution, ps. The

indicated loading is intended to represent the effective loading applied by an

aircraft tire during braking.

Region of Solution

The loading shown in Figure 19 is applied to a soil surface which is

infinite in length and depth. In order to obtain a solution by numerical

means, the extent of the region affected by the loads must be restricted to be

finite. Figure 20 shows the region of the soil medium considered in the

computations. The dimensions of the considered region were selected such

that the applied loading has negligible effect on the displacements at the

extremities of the region.

Boundary Conditions

- Under the applied loads the normal stress is equal to the applied

vertical pressure and the shear stress is equal to the applied shear stress.

- The shear and normal stresses are zero on the remainder of the

soil surface.

- The displacements are zero on the artificial boundaries which limit

the extent of the soil medium (Figure 20).

Mathematical Model
4

As in the cases in which the lumped parameter approach was used

previously to model tire/soil interaction, the soil medium was taken to be

elastic-perfectly plastic with the elastic deformations governed by Hooke's

law, the plastic deformations governed by an incremental stress-strain

relation based on the normality flow rule, and the plastic yielding governed

by the Drucker-Prager yield criterion. The soil parameters of the model

consist of the elastic Young's modulus, the cohesion and the friction angle.

--~ -~ - -



* 
)=- tire/soil contact length

Pn,-uniform vertical pressure

Ps= uniform shear distribution

Figure 19. Simulated Loading During Braking

Pn soil surface

P,=UNIFORM VERTICAL PRESSURE 4
Ps.UNIFORM SHEAR DISTRIBUTION 0E

00

U)

m----several tire diameters -. 4

Figure 20. Region of Solution
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The vertical pressure-time curve is shown in Figure 21; this is the

same pressure pulse used previously. For the case in which braking effects

are present, the horizontal shear loading (Figure 19) is taken to have the

same time variation as the vertical load (Figure 21) and the magnitude of the

shear load is expressed as a percentage of the vertical pressure.

The soil region shown in Figure 20 was modeled by the lumped

parameter technique (see Figure 22) used previously to solve the single-

wheel, vertical pulse loading problem (2 ) and the multiwheel and tandem wheel

problems .
' 1 3 . The reader is referred to References 1 and 2 for a detailed

description of the lumped parameter approach. The mathematical relations,

which govern the behavior of the lumped parameter model of a soil medium

subjected to surface loading, are summarized in Appendix III.

Computer Program and Results

A FORTRAN IV computer program has been written to implement the

braked-wheel/soil-interaction mathematical model on the CDC 6600 computer

at Wright-Patterson Air Force Base. The program computes the instantaneous

sinkage of a simulated, braked aircraft tire into a soil runway. To date,

only one braked condition has been processed with this program. Therefore,

a detailed description of the program (FORTRAN IV source deck listing,

input data instructions, output irterpretation, etc.) is being deferred until

sinkages have been predicted for a range of braking conditions. When the

complete series of data have been processed, a separate report will be

submitted. This report will contain a complete discussion of the analytical
4

braking analysis, the computer program and the results, and will be entitled

"Braked Wheel Sinkage Prediction Technique and Computer Program."

The results of the single condition, on cohesive soil, which has been pro-

cessed with the braked wheel sinkage prediction computer program are pre-

sented in this section. The particular braking condition considered was the

case when the horizontal shear load applied to the soil surface is 25% of the

applied vertical normal pressure. All other parameters were taken to be
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the same as those uLilized .n the multiwheel solutions so that comparisons

could be made. In particular, the various computational parameters are:

Soil Parameters:

Density p = 130 lb/cu. ft.

Poisson's Ratio v = 0.45

Young's Modulus E = 8950 psi

Cohesion c = 2000 psf

Friction Angle = 150

Shear Yield Stress k = 2440 psf

(This set of soil parameters corresponds approxi-

mately to a clay soil with CBR = 8-10.)

Load Parameters:

Tire Footprint Length A = 12. 0 in

Peak Surface Pressure Pmax = 24600 psf

Pulse Duration td = 0.05 sec

Load Ratio (shear to normal) 8 = 0.25

Computational Parameters:

Time Increment At = 6.25 x 10- 5 sec

Space Mesh Size h = 3.0 in

No. Width Mesh Points M'= 47

No. Depth Mesh Points N'= 27

Figures 23, 24, and 25 summarize the results obtained using the braked

wheel sinkage prediction computer program for the case when the braking

shear stress is Z5%6 of the vertical pressure load. Figure 23 shows the

vertical deflection of the soil surface at three isolated times during the

appl'-ation of the load pulse shown in Figure 21; Figure 24 shows the

horizontal displacement of the soil surface at three particular times; and

Figure 25 traces the complete time history of the vertical deflections of

Stations 23, 24, 25, and Z8.
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IX

The sinkage profile under the loaded region (Stations 22-26) did rot

appear too realistic at first glance since that is not what one would expect

if a metal plate were subjected to the same loading. However, it m-,st be

realized that a metal plate is very stiff and would resist such a deformation,

whereas the idealized problem considered actually corresponds to the case

when the loading is transmitted to the soil through a thin flexible membrane

since the soil surface is completely free to deform, When this is taken into

consideration it is not too difficult to imagine the displacement profile shown

under the applied loading in Figure 23. Figure 23 also indicates that there

is a substantial build-up of soil immediately in front of the b-aked tire;

this certainly is an expected phenomenon.

Figure 24, the plot of horizontal displacements, is not particularly

illuminating since the horizontal displacement distribution is difficult to

visualize. Reference to Figure 24 indicates that the greatest horizontal dis-

placement occurs directly under the loaded region and directly under the soil

build-up in front of the loaded region. Other points of the soil surface

experience very little horizontal displacement.

Figure 25 shows clearly the "'rebound effect" which occurs under the

loaded region (Stations 23, 24, 25); that is, as time increases the vertical4

displacement first grows to a maximum value and then diminishes until a

permanent steady state sinkage is attained. Figure 25 also shows the vertical

displacement time history of Station Z8, the point at which maximum build-up

of soil occurs in front of the loaded region. For small times, this point

behaves as though no braking were present (the displacement of this point

is in the same direction as the points under the load for small times) and

then pile-up begins. The upward displacement of Station 28 also increases

to a maximum value, but instead of decreasing to a steady state value, it

increases further until steady state is reached. Apparently, the rebounding

of the soil under the load caaues additional pile-up of soil in front of the

loaded region.
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The maximum and permanent sink.ges (or build-up) of Stations

Z3, 24, 25, and 28 are as follows:

Station 23 z maxrz 
0 . 576

z pem z0. 59

Z z0.57"
Station 24 z max 0.35"

perm

Station 25 0Zmax =.75"

zpe rm Z-

Station 28 maxStatio Z8 O .76",
perm

The results indicate that the maximum sinkage and the maximum soil

build-up are about the same magnitude, while the permanent build-up is

greater than the permanent sinkage. Also, the maximum sinkage obtained

for a single wheel without braking under similar conditions is about 0. 5";

that is, (Z ) > (Z ) . The ratio of (Z ) tomax braked max unbraked max braked

(Z ) for this case is 1. 5+ which compares to the range of 1. 5max unbraked

to 3. 0 for cohesive soils from the Braking Verification Tests previously

described.

The Lotal computer run time to compute the permanent steady state

sinkage by incrementing the load to its maximum value and then comrpletely

removing it was approximately 37 minutes.

D. BRAKING SUMMARY

The results of the previous braking studies ( 1 '3 ' 12) the Braking

Verification Tests, and the analytical study of braked tire/soil interaction

now permit the establishment on a preliminary basis the following braked

tire drag ratio prediction equations. The value of K = 0.09 as given for

Equation (18) was selected based not only on the results of the Braking

(12(13)Verification Tests but als. on the previous work of WES (1 2 1 and Lockheed (
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Cohesive Soil

R R R 2 1/13B R T 3 K CI-D Z SRp P+ V= .85(-) + (-) (-R P P D P D- (18)

where

Z = braked tire sinkage, X = 0. 09

and

z (S = 100%)
m0) 2.0 to 2.5

zR (s 0%

and

2 knots < Forward Velocity < 15 knots,

and

0.01 < 0. 20D

Cohesionless Soil

RB  R R TB _ R aD2  S i/2B R0.048 + 2.7 ;) + Ka D( -'-) (19)

where

Z = braked tire sinkage

and

zmax (S = 100%)
--) 8 to 15 for C v highZR (S-- 0%) avg

Z (S = 100%)
max (S_ 4 to 10 for a lowZ R S 0%) CI vavg

and

K 1 = 15 for Velocity=Z knots

K 1 = 12 for Velocity=6 knots

K1 = 9 for Velocity= 12 knots

and

0. 01!- E <0. 20
D
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It should be recognized that the braked tire drag ratio prediction equations

are based primarily on experimental braking tests conducted to date (1971)

which includes only a limited range of tire diameters, tire loads, soil

types, forward speed, etc. They can be used, however, to provide pre-

liminary estimates of braking drag ratios within the stated range of limita-

tions and to conduct comparative studies of braking efficiency for various

tire parameters.
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SECTION III

MULTIPASS AND SPEED - PRELIMINARY

A. MULTIPASS

Efficient and effective use of forward area airfields by the Air Force

depends upon the development of a multipass criteria which will specify the

useful life of these runways. T'he two areas of importance associated with

multipass operations are runway deterioration (roughness) and aircraft

drag load. A thorough review of the existing multipass flotation perfor-

mance on soil runways has been completed, and the following presents

the results of this review.

Existing Multipass Data

The major portion of the existing data was developed by the U. S.

Army Waterways Experiment Station ( 5 ) for the purpose of updating the

multipass design criteria for the C-5A aircraft. One of the major diffi-

culties of previous multipass testing was the inability to discern consistent

trends from the resulting data. This inability is partially attributable to

the test programs lacking dulicate testing procedures to verify accuracy.

Additionally many of the data sources were not specifically designed to

generate multipass flotation c:riteria as such, and therefore, many times

diii not adequately describe i.nportant flotation parameters necessary

for an analysis. Other sourc-es of multipass data are the following:
(14)

C-12Z Flotation Test Program ; Douglas Aircraft Company research;

Waterways Experiment Station research ( 15 16);a combined research

effort of WES and Boeing Aircraft Company (, C-141 Flight Test

Program(17 ); and finally, research conducted by I. C. Holm ( 1 8 )" All of

the above data was collecte-d on cohesive type soils with the exception of

the C-141 program, and some of the WES data by Nuttal which were test

programs using tires on cohesionless soil. Only the WES-C-5A program

and the Douglas tests were conducted for large numbers of multiple passes,
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usually determined by some preset failure condition. The test variables

for all this data varies considerably, from small-scale model tests in

the WES programs to the full size flight testing of the C-122 and C-141.

A wide range of tire sizes, soil strengths, and types of testing (small

model, full scale model, actual prototype) were conducted. Unfortunately,

the tests were not conducted in such a manner as to evaluate the important

multipass variables, and therefore, do not represent a collection of data 4

sufficient to develop a .complete multipass analysis.

Multipass Flotation Analysis

It should be pointed out that as the data described above was being

collected, the researchers,in many cases, were lacking considerable

information concerning the important multipass flotation variables.

Additionally, the various definitions of several important variables, such

as sinkage and rut depth, were not clearly understood. In fact, sinkages

and rut depth were taken to be one in the same by many researchers. An

additional area of concern was the method of applying multipass operations.

Some investigators felt that each pass of a test tire had to be in the

previous tire's rut, while others tried to distribute the passes over some

finite width of the test track. As a consequence of the above mentioned

difficulties, the following analysis will only be able to indicate trends in

the existing data.

Cohesive Type Soil

Shown in Table X is a summary of the trends in the multipass data

that have been accumulated to date. It is evident that in each test series,

independent of the method of rut depth determination, that the accumulated

rut depth increased at a decreasing rate for increasing coverages. This

is particularly true of the test series where the subsequent passes of the

test vehicle or carriage were distributed over a general area rather

than in the exact same rut each time. The increase in rut depth per pass

after the first pass in all cases was less then the first pass rut depth,
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yet the tests by WES, WES-Boeing, and Holm indicated only a very slight

decrease in the rate of rutting after the second pass. In the tests where

the subsequent passes of the tire were distributed to obtain some type of

coverage pattern, the soil surface was being releveled by the multipass

operations and the results are predictable. Again note that the definition

of rut depth varied considerably, and therefore much of the quoted data is

subject to possible improper interpretation. Using this data, however,

Figure 26 was developed to indicate the trend in the accumulative rut depth

with increasing passes. (Note: In tests where coverages were given

instead of passes, coverages were assumed to equal passes.) As would be

expected, the data scatter for such a plot was progressively larger for

increasing passes. It should be noted that the number of data points which

contributed to the curve shown in Figure 26 was not equal from each test

program (see Table X), therefore each test program was not equally

weighted. The previous results were based on a limited amount of data

and should be viewed as preliminary.

The trends in the multipass drag data are a little harder to define.

However, when considering the Douglas, WES-Boeing, and Holm data, it

is noted that the multipass drag decreases while the soil strength increases.

It appears, therefore, that the multipass drag is a function of the change

or lack of change in strength of the soil surface for clay type soils.

Cohesio iless Type Soil

The c.ily two sources of multipass data on sand are the WES-Boeing

program ;;nd the report by Nuttal. Both clearly indicate that the multipass

drag in cand will be less than the first pass drag, and that incremental

sinkage also decreases if the soil strength does not change. The soil

strength change, however, is probably a function of the critical void ratio

in sand. That is, sand type soils tend to reach an equilibrium soil strengths

when subjected to large deformations. Therefore, a normal loose sand would

become stronger after the first pass, and a dense sand would weaken.
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Therefore, as in clay, the multipass drag is probably a function of the

soil strength change, or lack of it.

Multipass Flotation Criteria

The criteria currently used by the Air Force which was developed by
(19)the U. S. Army Waterways Experiment Station , specifies multipass

operations in terms of coverages, where a coverage is defined as sufficient

passes of tires in adjacent tire paths to completely cover a given width of

runway area one time. However, even though this procedure is the

accepted standard, it is generally conceded that it needs considerable

improvement. One of the difficulties with this current procedure is the

somewhat arbitrary nature of its development. In order to specify coverages

for an aircraft, a runway failure criteria and a given runway width must

be sp. cified. Both of these factors are given set values in the Air Force

procedure and are not related to specific aircraft. The runway failure

c- iteria is set at 3 inches of permanent rut depth or 1. 5 inches of elastic

sinkage, and the runway width in which 75yo of the aircraft passes must

be performed is given as 80 inches plus the width of one main gear bogie.

This procedure also ignores the differences in the performance charac-

teristics of twin and tandem tire arrangements does not consider the effects

of speed and braking and has only a limited criteria for sand type soils.

In general, the current criteria generates an unreasonable number of

coverages for some aircraft, and lacks any ground roughness criteria.

In reviewing the multipass data and criteria, it was observed that the

present multipass criteria was developed by heavily relying on engineering

judgement and past experience with multipass flexible pavement criteria,

and it is difficult therefore to define the accuracy of the current multipass

criteria. Also it is evident that a new and more meaningful multipass

criteria cannot be developed without further experimental work.

Based on the above study, an effort to define aircraft flotation and

multipass performance in terms of ground vehicle performance has been

proposed. This method is based on the theory that aircraft first pass
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performance can be predicted by developing a relationship between firsL

pass ground vehicle rut depth and soil strength. Based on the ground

vehicle rut depth, the aircraft performance can be predicted for the first

landing and takeoff. Subsequent operation prediction would then be made

based on the observations' (rut depths) of the first aircraft operation.

This experimental program is essential to the development of a more

meaningful multipass criteria which will provide insight into the above

mentioned problems and take into account ground induced vertical and

drag loads.
I

B. SPEED

Intrcduction and Background

Although aircraft in their takeoff runs go through a large velocity

range (0 to approximately 120 knots), early flotation studies and design

criteria presumed that rolling aircraft tire drag due to sinkage in soil

was a constant throughout the velocity range. In 1964, Boeing( 4 ) con-

ducted a number of full scale tests designed to observe the influence of

speed on the aircraft rolling drag ratio. These tests were conducted at

Harpers Lake, California on a lean clay. Although these results provided

only preliminary information on speed effects, they were important

since they showed a significant variation of the rolling drag ratio with

speed for aircraft operating on soil runways. More recently the Air

Force again sponsored a series of full scale speed tests conducted by

Lockheed ( 3 ) at the NASA test track. As shown in Figure 27, the results

to date indicate speed has a significant influence on the rolling drag ratio

for low strength soils but onLy small influence for operations on high

strength soil.

Both Boeing ( 4) and Lockheed ( 3) in attempting to develop a drag

prediction model noted the similarity in the shape of the drag ratio vs.

velocity relationship (see Figure 27) to that observed in tire hydrodynamics

studies on water and proposed the use of the same basic equation:
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R~PC CDI (2)

R =P ( + tan) + .. p b Z Va (20)

where

R = total rolling drag

P = total vertical load

Po = coefficient of rolling friction on a rigid surface

tane = Z/A

CDI = soil inertia drag coefficient (a function of the planing velocity)

b = tire width

and

V a = forward velocity of the tire

£ = tire footprint length

p = soil density.

Reference to the above equation indicates that the total drag is made up

of a term which is independent of velocity and a drag term which is a

function of velocity squared (inertia) but is independent of the vertical

load. Based on the normal values of p, b, and Z encountered for aircraft

tires on soil, the inertia drag term normally does not become significant

until the forward velocity reaches 20 to 30 knots.

Comparisons between measured drag and the drag predicted by

Equation 20 or its modified form ( 3) have been less than satisfactory and

have led to the introduction of several empirical coefficients to better

curve fit the experimental data. The primary reason for these poor results

in the comparative studies is that in a high speed rolling drag situation,

four unknowns are present (rolling drag, sinkage, soil inertia drag

coefficient, and planing velocity). Since only one analytical equation

exists (see Equation 20), the other three unknowns must be determined

empirically. Sufficient data is not available to date (1971) to accurately

define these other unknowns.
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Preliminary Speed Analysis

It is generally accepted that at low velocities (0 to approximately

5 knots, Region I velocity range), the viscosity of the soil significantly

influences the magnitude of the sinkage and drag. As previously indicated,

at high speed (greater than 20 to 30 knots, Region III velocity range),

viscous effects no longer predominate but soI, inertia becomes a critical
factor in influencing sinkage and drag. At intermediate velocities

(Region II velocity range), neither viscosity or soil inertia are important
considerations in defining sinkage and drag. One approach to developing
a drag prediction equation including velocity effects would be to recognize

that the sinkage and drag effects are interactive and given by

Z(instantaneous) ZRegion II +AZinertia drag - Zlift (21)

Existing theory ) can be used to determine the Finkage in Region II. For

example, Equation 2Z gives an approximate drag/sinkage relationship

usable for both sand and clay and is based on the results of numerous tests:

R =ZP 0.018+3. 23() (22)

for 0.01 : 0.12

D

where

D = tire diameter

Applying the hydrodynamic equations at the tire soil interface gives a

lift as defined by

L = PbZVa sine cose (23)

and an inertia drag term as giver by

2 2AR = pbZVa sin 8 (24)
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where

e = angle defining the effective plane of contact at the tire/soil

interface.

Using Equation 22 as a basic relaLonship between drag, vertical load, and

sinkage, the increment of sinkage associated with inertia drag becomes

AZinertia drag =P3.23D [ . 01 (25)

where

P' = total load on the tire minus the lift (L).

The increment of sinkage, --AZlift, can be determined by using the

previously established sinkage prediction equations ( 2 which are of the

form

z- C +C (Z6)
1 2 CI vavg

where

I = tire footprint length

C I and C2= constants

= P/A

and

P = vertical load

A = tire contact area

CI = average cone index over 0" to 6" depthavg

which for the incremental case would be given by

C 2 (27
-AZlift ACI (27)

avg
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Using the above approach, an interactive computer program was

written and used to make comparisons between measured drag and predicted
(3)

drag for the Lockheed high speed test data . The results of one such

comparison is given ii. Figure 28. Other comparisons have been made and

the results were equally favorable. These results, which have been

encouraging, indicate that as the velocity increases into Region Il, the AZ

due to inertia drag is greater than the -AZ due to lift. As the speed continues

to increase, this relationship is reversed and the sinkage-velocity curve

peaks and begins to decrease with further increases in velocity. The results

are viewed as sufficiently promising to warrant further research into the

drag-velocity relationship using the above approach.
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SECTION IV

ADDITIONAL STUDIES IN TIRE/SOIL INTERACTION

A. ROLLING TANDEM WHEEL - ANALYTICAL STUDY
prga(1)

In the report for Pa I One of Phase III of this research program

an analytical approach for studying the sinkage and drag effect of tandem

tracking wheels was discussed. In that discussion, the following items

were included: (a) the actual three-dimensional problem of the rolling

tandem-tracking wheels; (b) the two-dimensional plane strain approximation

using two moving infinite surface pressure strips (a diagram of the plain

strain problem is shown in Figure 29); (c) the lumped parameter iteration

method of solution and the simulation of the moving pressure strips; and

(d) the method of evaluation of the multiwheel effects. The reader is

referred to References 1 and 20 for complete details. In Appendix ITT

the governing equations, figures of the lumped parameter model, and the

numerical procedures are presented without derivations. The detailed

development of the equations and the procedures is given in References 2,

Z1, and 22. The computer program for the numerical procedure and the

results of the test cases will be presented in this section.

Computer Program and Test Cases

A computer program was written based on the governing equatiors

and the numerical procedure given in Appendix MI. A general flow chart

of the computer program is shown in Figures 30 and 31. A Fortran IV

source program listing of the computer program, a sample set of input

data, a list of definitions of symbols, and some remarks about running

the computer program are given in Appendix IV.

Three test cases were run with the computer program. All the

cases have the same soil, load, and computational parameters, which are

listed below. This set of parameters is that of a typical multiwheel

aircraft tire-soil interaction.
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Soil Parameters:

Density p = 130 lb/cu ft

Poisson's Ratio v = 0.45

Young's Modulus E = 8950 psi

Cohesion c = 2000 psf

Friction Angle 4 = 15o

Yield Stress in Shear k = 2440 psf

(This set of soil parameters corresponds approximately to a
clay soil with CBR = 8 to 10.)

Load P-.rameters:

Tire Footprint Length .9 18. 0 inches

Peak Contact Pressure Pmax = 24600 psf

Rise Time of Pressure t = 0. 0075 sec.rAircraft Ground Velocity Va = 45 knots (approx.)

Tire Outside Diameter D 42. 8 inches

Computational Parameters:

Space Mesh Size h = 4. 5 inches

Time Increment t = 0. 0001 sec.

Finite Boundary Size Depth = 130"

Width = 130" to 203" depending on

wheel spacing

The only difference between each of the cases is the tandem wheel

spacing. One of the cases corresponds to the single wheel case, m = 0

(or m = w), and the other two cases correspond to tandem tracking wheel

configurations with wheel spacings of 1. 05 D and 1. 7 D, where D is the

tire carcass outside diameter. In order to minimize the influence of the

finite boundary on the sinkage when the wheel spacings are changed, the

distances between the finite boundaries and the edges of the applied surface

pressure strips are maintained constant by changing the width of the finite

region.
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Results of Test Cases and Discussions

The results of the single wheel case show the correct sinkage pattern.

Shown in Figure 32 is a graph of the vertical deflection of the soil surface
a

at various times (or stages of travel) plotted against a coordinate, R, which

is stationary with respect to the moving tire. The high sinkage indicated

by curves B and C corresponding, to lapse times of 0.015 second and 0.025

second are due to the rapid rise of the applied pressure causing the over-

shoot of deflection. Curves E F, and G corresponding to lapse times of

0. 040, 0. 050, and 0. 060 second show the sinkage trailing behind the applied

pressure strip. They also indicate that the sinkage pattern is approaching a

steady state. The steadier pattern seems to indicate a permanent sinkage

ratio of (Z R/A) = 0. 013, which is equivalent to a permanent sinkage of

ZR = 0. 24 inch, and an instantaneous sinkage ratio of (Z/A) -" 0. 022, which

is equivalent to an instantaneous sinkage of Z = 0. 40 inch.

The vertical deflection of the soil surface at various times for the

other two cases, corresponding to .el spacings of 1. 05 D and 1. 7 D,

are shown in Figures 33 and 34. The leading and trailing wheels are plotted

on separate graphs so that the same scale as that for the single wheel case

(Figure 32), can be retained for comparison purposes. The abscissa

coordinate is again R, which is stationary with respect to the moving wheels,

and W is taken to be zero at the center of the leading applied p: essure

strip. The surface deflection curves corresponding to lapse times earlier

than 0. 040 second are not shown because deflection curves have not reached

steady patterns as indicated in the single wheel case.

Observation of the sinkage patterns in Figeures 33 and 34 indicates that

the surface deflection under the leading applied pressure strip is fairly

stead/ for both ca.,es. On the contrary, the surface deflection under the

trailing applied pressure strips goes through large fluctuations for both

cases. These large fluctuations may be due to the elastic rebound of the

soils rolled over by the leading tire or an elastic wave generated by the
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leading tire and reflected off the bottom finite boundary. A steadier sinkage

pattern could possibly be attained for the trailing tire by running the

computer program for a longer lapse time; however, it was not done

because an unreasonable stress distribution starts to show due to the

accumulation of computational error.

The results shown in Figures 33 and 34 were interpreted as follows.

The instantaneous sinkages, Z, of the leading tire were obtained by averaging

the peak deflections of the soil surface under the tire for lapse times of

0. 040 to 0. 070 seconds. The instantaneous sinkages, Z, of the trailing

tire were obtained by averaging the differences between the peak soil

surface level of the unloaded portion between the tires and the peak soil

surface deflection under the trailing tire. In this way, the gross soil

movement due to elastic rebound or wave may be canceled. The sinkages

are summarized in Table XI.

From the instantaneous sinkage ratio, Z/D, the drag ratio, R/P, of

the leading and trailing wheels were calculated from the drag-sinkage

(Z)equations obtained in Phase H. The drag ratios for both wheels were

averaged and compared with the single wheel drag ratio. The results are

also summarized in Table XI.

As indicated in the last column of Table XI, tandem wheel operation

does not reduce significantly the drag load as compared to the single wheel

operation. This was also the conclusion in the experimental test program

performed as a separate effort of this research project { 1).

The results show that the technique and computer program developed

can be used for predicting tandem multiwheel effect quite successfully.

The fluctuation of the sinkages is a weakness of the technique but the

averaging procedure employed seemed to overcome it. The total computer

time used for the three cases is approximately eight hours on the IBM 7094.

Conversion to use the CDC 6600 would require approximately half an hour

for each case. This long computer running time may limit somewhat the

extensive utilization of the computer program.
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B. HIGH SPEED VERTICAL PLATE TESTS

Introduction

As indicated previously, the full ground speed range of aircraft

leads to tire/soil interaction loadings over a wide range of rates. One

approximate way to estimate rates of loading in soil caused by tire/soil

interaction is given by

ZV ar 1~ (28)

where
r = rate of loading, in/sec

Z = soil sinkage, in

Va = forward velocity of aircraft tire, in/sec

= contact footprint length of tire in soil, in.

For typical aircraft tires and sinkage conditions occuring in takeoff

operations, the rate of loadings in soil as given by Equation (28) would

probably exceed 100 inches per second. If the resistance to penetration

in the soil changes significantly with the rate of loading then such a

phencmena would have to be included in the equation of state for the soil.

Recently lTRI( 3 ) conducted a series of vertical plate load tests

with varying rates of loading (penetration) to examine this phenomena

further. The results of these tests led ITRI to suggest that the typical

sinkage-velocity curve for aircraft in a takeoff mode can be expla.ned by

changes in soil resistance to penetration which occur under varying rates

of loading. Figure 35 shows a typical result for sand 3 ) . Reference to

Figure 35 indicates that beginning from a static condition the soil first

becomes stiffer as the rate increases (static to 15 in/sec) and then begins

to undergo a period of decreasing stiffness (15 in/sec to 50 in/sec) as the

rate of loading continues to increase. This decreasing stiffness reaches

some minimum and again begins to increase at very high rates of loading

(>50 in/sec).
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Test Objective and Program

In an effort to further clarify the influence of penetration rate on the

resistance of soil to penetration, a series of vertical plate tests were

conducted in a clay and a sandy soil with variable rates of penetration.

The purpose of the tests was to:

(a) Estimate the order of magnitude of influence of the rate of

penetration on the soil resistance (stiffness) to penetration.

(b) To further investigate the penetration resistance phenomena

shown by IITRI ( 3) as a possible explanation of the rolling drag-

velocity relationship for aircraft tires operating on soil.

The initial series of test was run on Buckshot Clay, a very fine-

grained clay obtained from the area around Vicksburg, M ississippi. The

test program consisted of 22 different tests in which the rates of loading

varied from 0.01 inches per second up to a maximum value of 40 inches

per second. Table 12 gives a snmmary of these tests and the rate at

which each was run.

Following the clay tests, a very similar series of tests was run on

a riverwash sand which was obtained from the area around Dayton, Ohio.

This series of tests consisted of 27 different tests which covered a rate

of loading range identical to that of the clay tests. Table XIII gives a

summary of the tests run on sand and the rates at which each was run.

In both clay and sand tests, the soil specimen was compacted into

the test containers and a 3 inch diameter circular plate was penetrated into

the sample to a depth of 3 inches by means of a hydraulic MTS loading system.

The relationship between penetration and resistance was recorded on either

an oscillograph recorder or on the recording system which is integral to

the MTS system.

In performing these tests it was very important that the different

test specimens could be consistently reproduced to the preselected conditions.

It is obvious that if one test sample was of a higher density than another that
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TABLE XlI

PLATE TEST PROGRAM - CLAY

Test No. Soil Type Soil Stiffness Rate of Plate
CI (Desired)* Penetration (in/sec)

C-IA Buckshot Clay 115.0 0.01
C-lB " t 0.01
C-2A 0.05
C-2B* 0.05
C-2C 0.05
C-3A* " " 0. 10
C-3B* " 0. 10
C-3C "t 0. 10
C-3D " " 0. 10
C-4A " 0.50
C-4B* " t 0.50
C-4C " 0.50
C-5A .0 I. 10
C-5B " 1.00
C-6A "t 5.00
C-6B " " 5.00
C-7A " 10.00
C-7B " 1 10.00
C-8A " " 25. 00
C-8B " " 25.00
C-9A " 40.00
C-9B " " 40.00

* These tests were omitted from final calculations.

** Average soil penetration resistance over 01 to 6".
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TABLE XII

PLATE TEST PROGRAM -SAND

Tes No Sol Tpe Soil Stiffness* Rate of Plate
Tes N. oi Tpe CI~t (desired) Penetration (in/ sec)_

S-l1A Riverwash Sand 51.0 0.01
S-lB iit0.01
S-lC it 0.01
S-ZA 0. 05
S-2 B 0.05
S-ZC 0.05
S-3A 0. 10
S-3B 0. 10
S-3C 0. 10
S-4A, 0.50
S-4B I 0. 50
S-4C I 0.50
S-5A I1. 00
S-5B II1.00

S-5C II 1. 00
S-6A I 5.00
S-6B I5. 00
S-6C It5.00

S-7A It10.00

S-t 10. 00
S-7C I I10.00

S-BA I I 25.00
S-8B II25.00

S-8C i25. 00
S-9Ai 40. 00

S-9B 40.00
S-9C 40. 00

*Soil Penetration Resistance at 2 inch penetration.4
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it would exhibit a higher resistance to penetration regardless of the rate of

loading effects. In an effort to normalize the test results and to make the

results independent of small variances in moisture and density, a series of

cone penetrometer tests were performed on each test specimen prior to the

actual plate test.

Test Setup

- MTS Loading System

The MTS tensile and fatigue machine is a single item closed-loop

electro-hydraulic servo-activated testing machine with a maximum loading

capacity of 75, 000 pounds. The waveform applied to the soil was that of a

ramp. Figure 36 shows the MTS system setup.

- Test Plate

The test plate is a 3 inch in diameter circular plate. Made out of

aluminum, the plate has a thickness of 1/2 inch and has a 6 inch long

aluminum shaft which has a diameter of 1-1/4 inches. The plate was

designed so that it meets the dimensional requirements such that the

distance to the nearest side of the test specimen container would be greater

than three times the plate diameter and the distance to the bottom of the

soil mass would be five times greater than the plate diameter. In addition

to the plate, an aluminum extension was designed which would add 3 inches

to the shaft length if needed. Figure 37 shows the test plate.

- Cone Penetrometer

The cone penetrometer was made out of stainless steel and had a

5 inch shaft whose diameter was 3/8 of an inch. The cone portion was

1-1/2 inches long and had a base of 0. 80 inches in diameter (area = 0. 5 in 2).

The apex angle of the cone was 30 degrees (15 degrees on each side of the

center line). The penetrometer tests were all run at a rate of 1. 25 inches

per second and were taken to a depth of 4-1/2 inches. Figure 37 shows the

penetrometer used.
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Figure 36. M'rS Loading Syttrn
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Figure 37. Test Plate and Cone Penetrometer
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- Test Containers

The test containers were made from 25 inch high circular refuse

containers. These containers were circular in cross-section with a base

diameter of 19 inches and a top diameter of 22 inches. Support was added

to the base of the containers in the form of two 3/4 inch plywood layers.

In addition to these two layers, another layer of 3/4 inch plywood was

added beneath the base so that the applied force would be transmitted

directly to the soil mass.

- Recording System

The MTS recording system is integral to the MTS loading system

and has a maximum recording rate of around 5 inches per second and

contains no minimum rate limitations. The oscillograph recorder used

during the clay tests is an 18 channel, type 5-114-PS recorder made by

Consolidated Engineering Corporation. It has a paper speed range of

0. 45 inches per second to 115. 2 inches per second. The oscillograph

recorder used during the sand test is an 18 channel, type 5-124 A recorder

made by Consolidated Electrodynamic Corporation and has a paper speed

range of . 25 inches per second to 64.0 inches per second.

- Modified CBR Hammer

A modified CBR hammer was used to compact both the clay and

sand specimens. This hammer had a 10 pound weight which dropped 18

inches onto a 3-7/8 inch circular plate. This hammer provides a com-

paction effort of 183. 2 lb-ft/ft 2 per blow.

- Soil Classification

The two soils selected for testing were Buckshot Clay and river-

wash sand. Extensive previous testing has been performed on the

Buckshot Clay and its classification properties can be obtained from other

literature sources. For comparison purposes, the grain size distribution

of the Buckshot Clay is given in Figure 49 of Appendix I, and of the riverwash

sand in Figure 51 of Appendiz V.
- :86



Test Specimen Preparation and Uniformity Analysis

-Cone Penetration Tests

As indicated previously, the cone penetration test was used to

determine the uniformity and strength of a sample prior to a plate test.

The results of the cone penetrometer test were also used to normalize the

results of the plate tests. If the strength of the soii can be represented

by a cone index value which can be determined from the standard cone

penetration test, then within certain limits, the soil's resistance to a

penetrating plate can be made dependent upon only the rate of penetration

by dividing the total soil resistance to the plate by this cone index value.

The results of this procedure would provide an adequate method for

comparing the effects related only to the rate of plate penetration.

The cone penetrometer was run at three different test locations

chosen at even intervals in a region removed from the center of the

sample. In the clay tests the tip of the cone was placed at the top of the

sample and then penetrated to a depth of 4-1/2 inches. Both penetration

depth (inches) and resistance (pounds) were recorded as shown in Figure 38.

The definition of CItot for clay, together with a summary of the cone

penetration results for clay is given in Appendix V.

In the sand tests the cone was penetrated 1-1/2 inches (to fully

penetrate the cone) prior to the running of the cone penetration test. The

cone was then penetrated an additional 4-1/2 inches while recording

penetration depth and resistance as shown in Figure 39. Three cone

penetration tests were performed on each sample and the definition of

CIlayer, which was used in the normalizing procedure, is given in

Appendix V together with a summary of the cone penetration results for

sand.

-Clay Uniformity

In the construction of each test specimen, it was important that a

systematic compaction procedure be used which would insure uniform
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specimens throughout the test program. The specimens were compacted

into the test containers by means of impact from a modified CBR hammer.

The initial test specimens (Test C-3A, C-3B, C-4A, and C-4B) were
compacted using 4 inch layers and 100 blows per layer. Subsequent to this

several additional samples (C-2A, C-2B, C-5A, and C-5B) were prepared

by recompacting the upper 8 .nches in 2 inch lifts with 100 blows per layer.

The results of the cone penetrometer test in all these samples indicated

that they lacked the required uniformity. The results of Tests C-ZA, C-3A,

C-3B, and C-4B were not used in the subsequent analysis.

For all the remaining test specimens, the entire sample was

built up in 2 inch lifts with 00 blows per layer. Samples were reused by

recompacting only the upper 8 inches in 2 inch lifts. The results of the

cone penetrometer tests on these subsequent samples as shown in Table 58

of Appendix V indicated the required uniformity had been attained by

this compaction procedure.

- Sand Uniformity

All the sand specimens were built up using 2 inch lifts and 100

blows per layer. The samples were reused by recompacting only the upper

8 inches in 2 inch lifts. The results of the cone penetrometer tests on the

sand specimens as shown in Table 60 of Appendix V indicated the

required uniformity had been obtained for all samples within the test

program.

Plate Test Results

-Clay

The loading plate tests were conducted immediately after the cone

penetration tests. Figure 40 shows a test specimen immediately following a

typical test in clay and Figure 41 shows the typical result of a plate penetra-

tion test in clay. The results of these tests can best be shown by a graph
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Figure 40. Test Specimen Following Plate Penetration Test - Clay
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of the soil's resistance versus plate penetration for each tested rate of

penetration. Such a graph is shown in Figure 42. Reference to Figure 4Z

shows that with the exception of Test 4, a trend exists in which an increase

in the rate of penetration causes an increase in the soil's resistance. As

discussed in the previous section, the test specimen used in Test 4 did not

meet the desired uniformity, and thus, the results of this test are probably

in error. Each data point shown in Figure 42 represents the average of at

least two tests.

The results of the clay tests as shown in Figure 42 tend to agree

with those obtained from previous rated plate penetration test conducted by

IITRI ( 3) and others. The results of IITRI's tests also show increasing pene-

tration resistance throughout their range of varying penetration rates

(static to 40 in/sec). Although IITRI suggested that a decrease in penetration

resistance might be observed in a portion of the rate range for plate sizes

greater than the 1. 95-in used in their test program, no such effect was

observed for the 3-in diameter plate used in these tests.

The approximate equal spacing of the tests in Figure 42 suggests

that a simple mathematical relationship may exist between the soil's

resistance and the rate of penetration. To determine if such a relationship

existed a graph of the soil's resistance to penetration versus the logarithm

of the rate of penetration was developed at 1-1/2, 2, and 2-1/2 inches

penetration. These graphs are shown in Figures 43 through 45. Each graph

closely approximated a linear relationship on the semi-logarithmic plot

and further investigation revealed that the slopes of these linear relation-

ships were almost equal. By performing a Least Squares analysis, an

equation was obtained for each graph. The constants in these equations

which were approximately equal for all three cases, were combined to

obtain one equation. As the rate of penetration increases, the soil's

resistance also increases by the following equation.
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R S = O. 68 log r + 10.87 (29)

where

R = soil's resistance = plate
CItot

where F = resistance of plate (lbs)plate

CI = Cone Index value (lbs/in2
ltot

r = rate of penetration (in/sec)

It should be mentioned that this equation was developed for the velocity range of

approximately static to 40 inches per second, and is good for only Buckshot

Clay for a penetration of a 3-inch diameter plate.

- Sand

The plate test results for the various penetration rates in sand

were not as conclusive as those obtained in clay. The major difficulty that

arose in the sand tests was that two different modes of failure were observed

depending upon the rate of penetration. One mode was observed at rates of

10 inches per second and less, while another mode was observed for the

rates of 25 and 40 inches per second. At 10 inches per second and less,

the plate test results took the shape as shown in Figure 46. For these rates

of loading, the force exerted on the plate increased almost linearly with

the penetration. A similar analysis to that performed in clay was made

and is shown in Figure 47. Reference to Figure 47 shows that at the slowest

rates (Test 1 and 2), the plates experienced a lesser penetration resistance

than at the intermediate rates (Tests 3, 4, and 5), and thus the soil's

resistance increased over this range with an increase in rate. However,

for Tests 6 and 7 (the higher rates) the soil's resistance to plate penetration

showed a marked decrease when compared to the intermediate tests. Thus

it may be summarized from Figure 47 that for the rate range of 0. 01 inches

per second to 10. 0 inches per second that the sand shows a gradual increase
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in resistance to penetration with an increase in the rate of penetration,

followed by a gradual decrease in penetration resistance for continuing

increase in rate of penetration.

The results of Test 8 (rate = 25 in/sec) and Test 9 (rate = 40 in/sec)

revealed that a different mode of failure occurred than for the slower rates

of penetration. The result of Test 8 is shown in Figure 48. In both Test 8

and 9 an initial peak load value was obtained in the first half-inch of

penetration. This was followed by a period of marked decrease in strength.

In Test 8 a second peak value was obtained at about 2-1/2 inches of pene-

tration but this second peak was not observed in the three-inch penetration

of Test 9. It is not known what caused the change in mode of failure that

produced the results of Tests 8 and 9, but it may have been due to the

combination of the effects of excess pore air pressure and an impact-

produced tension stress wave rebounding off the bottom of the test container.

Reference to Figure 48 shows that this type of failure produces a soil's

resistance which is considerably different from that obtained from the mode

of failure associated with slower rates of penetration. One observation

which should be made from Tests 8 and 9 is that the initial peak load found

in Test 9 was greater than the initial peak load found in Test 8 (see Figure 47).

This agrees with the results found by TTTR..( 3 ) .

Conclusions

For the clay and sand soil tested in this program, the results of the

rate of loading plate penetration tests have shown:

(I) The rate of penetration has considerable effect upon the resistance

(or stiffness)of a soil to penetration.

(2) Yor a clay, the soil's normalized resistance (Resistance/Soil

Strength) is directly proportional to the logarithm of rate of penetration.

For Buckshot Clay and a 3-inch diameter plate, the soil's resistance can

be described by Equation (29).
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(3) For a sand, the mode of failure appears to be dependent upon the

rate of penetration. This mode of failure has a large influence on the

soil's resistance.

10
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SECTION V

CONCLUSIONS AND RECOMMENDATIONS

A. CONCLUSION4S

a

The results of the Phase III - Part II research effort have shown that:

(1) Braking action of tires on soil leads to large increases in the

braking drag ratio (R B/P) and in some instances for the fully braked tire

B1 1

this ratio may approach or exceed one (1. 0).

(2) The braking drag ratio continues to increase throughout the negative

slip range for braked tires operating on both sand and clay.

(3) The ratio of braked tire sinkage to rolling tire sinkage ranges from

1. 5 to 3. 0 for clay type soils and 4. 0 to 15. 0 for sand type soils.

(4) The composite results of previous bcLaking studies, the experi-

mental braking verification tests, and the analytical results to date have

led to preliminary braking analysis prediction equations which are suitable

for a wide range of tire and soil parameters.

(5) Suitable experimental and/or analytical information is not currently

available to permit a detailed analysis of high speed rolling drag eff-:- in

soil or to evaluate the effects of multipass operations on aircraft Nth pass

drag or runway deterioration.

B. RECOMMENDATION FOR RESEARCH

Future research efforts for landing gear/soil interaction should be

directed in the following areas:

(1) High speed (Region Im) sinkage and drag performance for rolling

and braked tires on soil.

(2) Landing gear loads and sinkage/drag interaction for turning

operations in soil.

(3) Multiple pass (operations) effects as related to the prediction of

Nth pass drag and. runway deterioration, including an investigation of surface

roughness and texture effects.
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BRAKING VERIFICATION TESTS -SOIL TESTS AND PREPARATION

107

- - ~ ss- -. - -~4-



Classification

Both of the soils selected for the test program have been used exten-

sively by WES in previous mobility studies and the classification properties

have been reported previously. For comparison purposes, the grain size

distribution and limits properties are given for the buckshot clay in Figure 49,

and the grain size distribution for the mortar sand is shown in Figure 50.

California Bearing Ratio

The CBR is a plate bearing test using a three-square inch piston which

is penetrated continuously into the soil to a depth of one-half inch while I
continuously recording the load resistance with depth. Annular surcharge

weights are placed around the piston prior to its penetration. The ratio of

the load at 0. 1 inch penetration to that load supported by a standard well

graded crushed gravel multiplied by 100 is defined as the CBR of the soil.

Cone Penetrometer Resistance

The mobility cone penetrometer is a rod device having a 30 degree cone

tip and has a cross section base area of 0. 5 square inch. The shaft is

narrowed above the cone to minimize the friction between the side of the

shaft and the hole. The cone penetrometer, which is pushed into the soil

at a standard rate, measures the resistance to penetration (Cone Index) in

pounds per square inch. The Cone Index is a measure of soil shear strength

and its variation with depth. The CI value is usually given as the average

resistance over the first 6 inches of depth.

Test Section Consistency

In order to demonstrate the consistency of each test section, Tables XIV

and XV were prepared to compare the values of CI for the before and after

test soil conditions. In addition to the CI data, th. density values and

moisture contents are also shown.
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TABLE XIV

SOIL STRENGTH, STRENGTH CONSISTENCY, AND SOIL

MOISTURE AND DENSITY DATA - BUCKSHOT CLAY

Buckshot Clay

Test BeforeAfrNo. Before Before Before Before eAfter
Te st Test Test Test Te st

CI Avg CI High CI Low Moisture To Dry Density CI Avg
W pcf, Yd

1 39.9 41.8 37.1
2 42.4 43.8 40.6 42.5 avg 76.4 avg 42.4
3 42.0 43.0 40.4 40.7
4 41.6 42.8 40.2 39.8
5 41.6 44.3 40.2 42. 1 avg 77.6 avg 38.3
6 40.0 41.2 38.7 40.0
7 38.4 39.8 37.5 38.5
8 39.6 43.3 37.5 141.6 avg 78. 2 avg 37.6
9 37.1 39.4 35.0 ) 37.8
10 39.5 40.3 37.8 38.3
11 38.8 40.7 36.0 36.2
12 42.2 44.3 40.1 39.6
13 42.0 43.7 40.0 42.1 avg 77.1 avg 39.5
14 36.4 37.8 34.4 37.2
15 38.2 39.0 36.2 }416 }776 36.9
16 35.4 36.5 31.9 4avg 7.avg 36.8
17 36.6 37.2 35.4 36.5
18 39.3 40.3 38.2 41.3 avg 77.9 avg 36.9
19 35.8 37.9 33.6 1 36.1
20 39.2 31.0 36.6 38.7
21 39.4 41.1 37.0 41.8 avg 77.5 avg 37.5
22 36.1 37.8 34.6 1 35.1

39.2 avg 41.9 avg 77.5 avg

i I
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TABLE XV

SOIL STRENGTH, STRENGTH CONSISTENCY, AND SOIL
MOISTURE AND DENSITY DATA - MORTAR SAND

Mortar Sand

TetBefore Afe
Test Before Before Before Before eAfter
No. Test Test Test TestTest Te st

CI Avg CI High CI Low Moisture J Dry Density C Avg
W PcfI d

1 37.7 39.9 35.6 20.7
2 44.5 45.4 43.5 .08 22.4
3 43.2 .07
4 41.0 42.6 39.4 .09 101.0 20.9
5 42.7 46.3 40.5 .13 22.5
6 42.1 43.3 40.4 .08 22.6
7 47.1 49.6 44.2 .13 24.6
8 47.0 48.3 45.5 .08 22.4

9 44.3 45.1 42.1 .11 z0.6
10 47.6 48.8 45.8 .09 2Z. 3
11 42.8 44.9 41.6 .08 21.9
12 46.5 50.1 45.1 .09 20.9
13 46.8 50.3 43.8 .10 26.8
14 44.2 45.4 41.7 24.6
15 45.1 47.1 43.9 .11 99.8 Z6.1
16 45.7 47.8 43.8 .09 24.6
17 .08
18 39.8 45.7 36.6 .10 24.3
19 48.1 50.9 45.9 .13 23.7
20 42.2 45.4 38.5 .13 19.3

44. 1 avg .0 avg 100.4 avg
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Soil Preparation

The buckshot clay was proce. sed, placed, and compacted at predeter-

mined moistures and densities corresponding to the desired soil strength.

The soil is first passed through a roller crusher and then placed in a pug mill

where the soil-water mixing takes place at a selected moisture content. The

soil is then placed in the soil carts in 6 inch layers with each layer compacted

by pneumatic tired rollers. Previously developed empirical relationships

between buckshot clay moisture content and compactive effort permitted the

soil to be placed near the design soil conditions.

The mortar sand was prepared in an air dried condition. Different

soll strengths were achieved by varying the density of placement of the soil.

The sand was placed in uniform layers which were screened and vibrated on

the surface as the filling progressed. Empirical relationships between the

thickness of layer, vibratory effect, and soil density permitted the sand to

be placed near the design soil conditions.

Test Procedures

The test procedures for running a single test in sand are:

(1) Loosen sand section by plowing

(2) Check weakened state by Cone Index tests

(3) Vibrate sand to desired soil strength

(4) Check strength by Cone Index tests

(5) Take final soil strength and surface elevation profile

(6) Calibration checks between recording station and computer

(7) Make a test run without load on test tires (in-air run)

(8) Load tire and check inflation pressure and deflection

(9) Run test

(10) Take post test soil strength and rut depth profile.

The test procedure for running a test in clay differs from the sand

only in soil preparation techniques. The clay test bed has to be prepared
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at least ten days in advance of a test so that the water content of the clay will

stabilize as described above. The only preparation needed to run a test

after the soil bed has been constructed involves smoothing the soil surface

and measuring the soil strength and surface profiles. Steps (7) through (10)

are then completed as in sand. Preparation for succeeding tests in the

same clay soil bed can involve re-rolling and smoothing the soil surface.

In both the sand and clay test procedure, a test is not run unless the desired

soil strength and uniformity is attained during the preparation stages.
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TABLE XVI

BRAKED TEST RESULTS

Test No. 2 Tire Size 8:50-10

Soil Type Clay Tire Deflection 35 (d)

Soil Strength 42.4 (CI a) Carriage Speed 10 ft/sec (V

Station Slip % Load, lbs Drag, lbs Sinkage, in. Torque, ft-lbs

S P RB Z T'

23.6 10 1484 325 1.05 123

25.3 20 1483 500 1.25 240 1

25.9 30 1483 600 1.45 290

26.2 40 1485 650 1.60 315

26.4 50 1484 700 1.68 332

26.6 60 1480 750 1.75 353

26.8 70* 1470 790 1.85 375

27.1 80* 1460 850 2.00 380

27.4 9Or 1460 890 2.00 368

29.5 100* 1490 840 1.95 289

Carriage was slowing down at this point and velocity was not maintained.

4
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TABLE XVII

BRAKED TEST RESULTS

Test No. 3 Tire Size 8:50-10

Soil Type Clay Tire Deflection 4Z (d)

Soil Strength 42. 0 (CI ,vr Carriage Speed 10 ft/sec (V )

Station Slip % Load, lbs Drag, lbs Sinkage, in. Torque, ft-lbs
Staio p RB z T______

25.0 5 1690 280 1.17 58

28.0 10 1687 390 1.20 138

31.0 15 1685 500 1.29 219

40

50

60

70

80

90

100
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TABLE XVII

BRAKED TEST RESULTS

Test No. 4 Tire Size 8:50-10

Soil Type Clay Tire Deflection 4Z (d)

Soil Strength 41. 6 (CI )Carriage Speed. 10 ft/sec (V)
avg

Sain Slip To Load, lbs Drag, lbs Sinkage, in. Torque, ft-lbs"
Staio RB ____T___

19.7 10 1705 385 .85 195

22.1 20 1705 570 1.05 280

24.0 30 1705 685 1.25 338

25.4 40 1705 735 1.50 370

26.2 50* 1705 780 1.70 388

26. 7* 60 1705 840 1.75 380

26. 9* 70 1705 880 1.80 370

80

90

100

*Carriage was slowing down at this point and velocity was not maintained.
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TABLE XIX

BRAKED TEST RESULTS

Test No. 5 Tire Size 8:50-10

Soil Type Clay Tire Deflection 4Z (d)

Soil Strength 41.6 (CI Carriage Speed 10 ft/sec (V_)

Station Slip % Load, lbs Drag, lbs Sinkage, in. Torque, ft-lbs
S P RB Z T'

10

22.7 20 1680 530 1.00 278

25.2 30 1680 705 1.25 345

26.7 40 1680 775 1.45 390

27.6 50 1680 810 1.65 405

28.0 60 1680 830 1.70 405

28.2 70 1681 840 1.85 405

28.6 80 1684 870 1.95 400

29.1 90 1684 910 2.05 388

31.0 100 1685 850 1.58 300
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TABLE XX

BRAKED TEST RESULTS

Test No. 6 Tire Size 8:50-10

Soil Type Clay Tire Deflection 35(d)

Soil Strength 40.0 (CI ) Carriage Speed 10 ft/sec (V )

Station Slip % Load, lbs IDrag, lbs I Sinkage, in. Torque, ft-lbs
S PRB Z T'

19.7 10 1490 380 1.05 205

23.0 20 1489 605 1.45 295

25.5 30 1485 680 1.75 335

27.0 40 1485 765 1.87 355

27.9 50 1485 840 1.95 370

28.5 60 1485 840 2.10 380

28.8 70 1470 880 2.20 380

29.0 80 1450 950 2.30 378

29.3 90 1450 1020 2.50 360

29.9 95 1460 1090 2.68 317

31.8 97 1490 930 1.90 290
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TABLE XXI

BRAKED TEST RESULTS

rest No. 7 Tire Size 8:50-10

Soil Type Clay Tire Deflection 35 (d)

Soil Strength 38.4 (CI 4vg Carriage Speed Z0 ft/sec (V).

Station Slip % Load, lbs Drag, lbs Sinkage, in. Torque, ft-lbs
S P RB Z T'

z2. 6 10 1488 420 1.30 168

25.0 20 1490 600 3.50 268

27.2 30 1490 750 1.55 345

28.4 40 1480 840 1.85 370

29.2 50 1478 860 1.93 370

30.1 60* 1480 920 1.98 353

30.7 70* 1460 930 Z. 05 273

31.2 80* 1460 950 Z.13 284

31.4 9 0 1465 960 2.15 263

lOu

Carriage was slowing down at this point and velocity was not maintained.
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TABLE XXJI

BRAKED TEST RESULTS

Test No. 8 Tire Size 8:50-10

Soil Type Clay Tire Deflection 42 (d)

Soil Strength 39.6 (CI ) Carriage Speed 20 ft/sec (V

Station Slip % Load, lbs Dras, lbs Sinkage, in. Torque, ft-lbs

S P _ _ Z T'

21.4 10 1690 435 1.00 160

25.8 20 1690 670 1.50 290

28.7 30 1650 850 1.70 380

29.5 40 1647 900 1.95 400

29.9 50 1670 970 2.20 412

30.2 60* 1680 1045 2.20 422

30.6 70* 1690 1060 2.15 430

30.9 80* 1685 1060 2.10 425

31.2 90* 1690 1030 2.05 410

100

* Carriage was s ,wing down at this point and velocity was not maintained.
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TABLE XXiII

BRAKED TEST RESULTS

Test No. 9 Tire Size 8:50-10

Soil Type Clay Tire Deflection 42 (d)

Soil Strength 37 (CI avg Carriage Speed 5 ft/sec (V)

Slip % Load, lbs Drag, lbs Sinkage, in. Torque, ft-lbs
Station p RB Z .... _T' ....

23.5 10 1678 440 1.45 140

27.7 20 1675 650 1.80 245

29.5 30 1673 825 2.08 Z75

30.4 40 1671 965 2.11 286

50

60

70

80

90

100
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TABLE XXIV

BRAKED TEST RESULTS

Test No. 10 Tire Size 8:50-10

Soil Type Clay Tire Deflection 35 (d)

Soil Strength 39.6 (CI vgI Carriage Speed 5 ft/sec (V.)

Station Slip % Load, lbs Drai, lbs Sinkage, in. Torque, ft-lbs

S _ P Z T'....... .

10

19.5 20 1500 550 1.30 310

zI.6 30 1497 700 1.55 327

23.1 40 1495 760 1.80 346

23.9 50 1493 840 2.05 350

24.4 60 1490 950 2.20 369

Z4.6 70 1490 1000 2.25 374

24.8 80 1490 1050 2.30 380

25.5 90 1490 1100 2.55 366

30.0 100 1490 1000 2.40 255
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TABLE XXV

BRAKED TEST RESULTS

Test No. 11 Tire Size 8:50-10

Soil Type Clay Tire Deflection 35 (d)

Soil Strength 38.8 (CI vg) Carriage Speed 5 ft/sec (V)

Station Slip %0 Load, lbs Drag, lbs Sinkage, in. Torque, ft-lbs
S P RB Z T'

10

19.8 20 1478 580 1.40 Z95

21.7 30 1478 650 1.65 321

22.9 40 1478 740 1.80 330

23.5 50 1478 820 1.95 333

Z4.0 60 1478 880 2.05 335

24.6 70 1478 950 2.20 335

25.3 80 1475 1045 2.35 350

Z6. 2 90 1475 1065 2.55 340

100
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TABLE XXVI

BRAKED TEST RESULTS

Test No. 12 Tire Size 7:00-6

Soil Type Clay Tire Deflection 42 (d)

Soil Strength 42.2 -(CI ) Carriage Speed 5 ft/sec (V
avg

Slip % Load, lbs Draw, lbs Sinkage, in. Torque, ft-lbs
Station S B Z T*

2Z. 8 10 1078 280 1.30 88

26.7 20 1076 410 1.25 148

28.6 30 1076 500 1.50 172

29.4 40 107 560 1.75 173

29.6 50 1075 600 1.80 174

29.8 60 1075 640 1.85 175

30.1 70 1075 690 1.90 175

30.4 80 1075 740 1.95 175

30.8 90* 1075 757 2.05 170

100

* Carriage was slowing down at this point and velocity was not maintained.
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TABLE XXVII

BRAKED TEST RESULTS

Test No. 13 Tire Size 7:00-6

Soil Type Clay Tire Deflection 35 (d)j

Soil Strength 42.0 (CI )Carriage Speed 5 ft/sec (V)

_________________________________ _________________________________ _________________________________ ________________________________

Station Slip To Load, lbs Drag, lbs Sinkage, in. Torque, ft-lbsl
_____ p RB Z T

2Z.7 10 885 235 1.05 831

26.4 20 890 350 1.30 135

28.3 30 890 420 1.50 168

29.2 40 890 465 1.75 183

29. 4 50 890 500 1.77 185

29.6 60 890 535 1.77 185

29.7 70 890 550 1.80 185

29.9 80 890 560 1.80 183

30.3 90 890 580 1.82 170

100
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TABLE XXVTTT

BRAKED TEST RESULTS

TesZ No. 14 Tire Size 7:00-6

Soil Type Clay Tire Deflection 35 (d)

Soil Strength 36.5 (CI ) Carriage Speed 10 ft/sec (V)

Station Slip % Load, lbs Drag, lbs Sinkage, in. Torque, ft-lbs
S P RB Z T'

24.0 10 890 215 1.25 50

28.6 20 897 365 1.40 110

30.6 30 900 445 1.55 135

31.5 40 900 500 1.45 145

32.3 50 900 540 1.35 155

60

70

80

90

100
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TABLE XXIX

BRAKED TEST RESULTS

Test No. 15 Tire Size 7:00-6

Soil Type Clay Tire Deflection 42 (d)

Soil Strength 38.2 (CIg) Carriage Speed 10 ft/sec (V )

Station Slip % Load, lbs Drag, lbs Sinkage, in. Torque, ft-lbs
S P RB .. .... . Z T'

26.0 10 1080 340 1.15 105

28.7 20 1077 460 1.40 146

29.6 30 1075 575 1.55 160

30.1 40 1075 610 1.65 168

30.7 50 1075 630 1.75 172

31.2 60 1070 650 1.90 180

31.6 70 1055 685 2.10 190

31.8 80 1045 730 2.20 180

32.0 90 1050 750 2.25 170

100
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TABLE XXX

BRAKED TEST RESULTS

Test No. 16 Tire Size 7:00-6

Soil Type Clay Tire Deflection 35 (d)

Soil Strength 35.6 (CI ,) Carriage Speed 20 ft/sec (V

Station Slip To Load, lbs DraA lbs Sinkage, in. Torque, ft-lbs
S P B Z T'

27.0 10 890 355 1.35 103

29.5 20 890 480 1.50 140

30.4 30 890 550 1.65 155

31.3 40 890 610 1.80 168

32.2 50 890 645 1.90 182

60

70

80

90

100
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TABLE XXXI

BRAKED TEST RESULTS

Test No. 17 Tire Size 7:00-6

Soil Type Clay Tire Deflection 35 (d)

Soil Strength 36.6 (CI ) Carriage Speed 20 ft/sec (V)

Slip % Load, lbs Drag, lbs Sinkage, in. Torque, ft-lbs
Station S P RB Z T'

24.8 10 885 300 1.33 85

27.9 20 885 470 1.40 162

29.3 30 880 580 1. 60 193

Z9.9 40 880 615 1.75 200

30.3 50 880 645 1.80 215

30.4 60 875 660 1.85 220

30.6 70 870 670 1.90 220

30.8 80 870 690 1.95 Z10

31.4 90 880 710 2.00 187

100

l4
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TABLE XXXII

BRAKED TEST RESULTS

Test No. 18 Tire Size 7:00-6
Soil Type Clay_ Tire Deflection 42 (d)

Soil Strength_ 39.2r (CIivg Carriage Speed 20 ft/sec (V

Station Slip % Load, Ibs Dra , lbs Sinkage, in. Torque, ft-lbs
S P B Z T'

21.9 10 1100 390 1.23 123

23.3 20 1090 520 1.50 178

23.8 30 1080 650 1.65 190

24.1 40 1075 710 1.75 200

24.3 50 1070 745 1.85 203

24.5 60 1060 760 1.90 210

24.8 70 1057 800 1.95 215

25.1 80 1065 820 2.00 218
I

25.6 90 1080 850 I 2.05 210

28.4 100 1090 770 1.68 200

30.0 100 1078 835 2.15 170

132
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TABLE XXXIII

BRAKED TEST RESULTS

Test No. 19 Tire Size 7:00-6

Soil Type Clay Tire Deflection 35(d)

Soil Strength 35.8 (CI ) Carriage Speed 10 ft/se (V_)

Station Slip % Load, lbs Drag, lbs Sirikage, in. Torque, ft-lbs
S P RB Z T'

23.2 10 890 300 1.35 60

26.8 20 393 435 1.65 115

28.6 30 895 500 1.65 150

29. 4 40 870 550 1.75 158

29,7 50 860 600 1.90 159

29.9 60 854 650 1.95 162

30.1 70 854 700 2.10 167

30.4 80 857 750 2.25 170

30.9 90 860 770 2.45 165

31.6 100 890 755 2.25 125

13
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TABLE XXXIV

BRAKED TEST RESULTS

Test No. Z0 Tire Size 8:50-10

Soil Type Clay Tire Deflection 35 (d)

Soil Strength 39.2 (CI ) Carriage Speed Z0 ft/sec (V)

Slip % Load, lbs Dra , lbs Sinlage, in. Torque, ft-lbs
Station S P B Z

20.7 10 1475 410 1.30 138

23.2 20 1475 620 1.70 220

Z5.1 30 1475 860 1.85 390

26.3 40 1475 930 1.95 418

27.2 50 1460 960 2.00 455

27.7 60 1430 1050 2.25 480

7. 8 70 1430 1060 2.35 475

27.9 80 1430 1130 2.60 455

28.4 90 1438 1170 2.65 405

30.3 100 1480 1150 Z. 40 337

134
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TABLE XXXV

BRAKED TEST RESbLTS

Test No. Z Tire Size 8:50-10

Soil Type Clay Tire Deflection 4Z (d)

Soil Strength 39.4 (CI. ) Carriage Speed 20 ft/sec (V
v 6  4t

Station Slip %0 Load, lbs Drag, lbs Sinkage, in. Torque, ft-lbs
S P RB Z T1

21.3 10 1680 540 1.20 Z50

23.0 20 1689 750 1.35 380

23.8 30 1680 895 1.50 450

24.3 40 1670 1050 1.65 505

24.7 50 1660 1150 1.85 530

25.0 60 1650 1200 2.00 525

25.2 70 1645 1240 Z. 30 5Z0

Z5. 5 80 1650 1260 2.55 505

Z5.8 90* 1665 1290 z. 68 480

30.0 100* 1660 1280 2.50 425

* Carriage was slowing down at this point and velocity was not maintained.
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TABLE XXXVI

BRAKED TEST RESULTS

Test No. 22 Tire Size 8:50-10

Soil Type Clay Tire Deflection 42 (d)

Soil Strength.- 3.1 (CI Carriage Speed 5 ft/sec (V.)

Station Slip % Load, lbs Drag, Ibs Sinkage, in. Torque, ft-lbs
S ,_._ P RB Z T'

19.9 10 1675 420 1.30 175

ZO.7 ZO 1680 600 1.65 ZZO

21.5 30 1685 750 1.85 Z60

ZZ. 5 40 1675 920 Z.30 290

22.7 50 1660 975 Z.bO 305

ZZ. 9 60 1657 1070 2.95 320

23.1 70 1653 1170 3.30 330

23.4 80 1650 1300 3.55 333

23.8 90 1625 13Z5 3.75 3ZO

Z6.0 100 1610 1350 3.85 233

A
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TABLE XXXVII

BRAKED TEST RESULTS

Test No. 1 Tire Size 8:50-10

Soil Type Sand Tire Deflection 3 5 (d)

Soil Strength 37. 7 CI) ____ Carriage Speed 5 ft/sec (V a

StatLion Slip % Load, lbs Drab, lbs Sinkage, in. Torque, ft-lbs
S P B Z T______

19.4 10 615 137 .40 15

21.2 ZO 605 205 .55 44

22.6 30 600 250 .75 65

23.6 40 595 293 1.00 80

24.9 50 594 345 1.57 97

26.7 60 588 405 2.50 122

28.2 70 583 460 3.45 140

30.4 80 580 515 4.25 165

90

100
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TABLE XXXVIII

BRAKED TEST RESULTS

Test No. 2 Tire Size 8:50-10

Soil Type Sand Tire Deflection 42 (d)

Soil Strength 44.5 (CIA Rpm) Carriage Speed 5 ft/sec (V_)

Slip % Load, lbs Dra ,Ibs Sinkage, in. Torque, ft-lbsStation Dals Snae
S P B Z T'

19.2 10 710 175 .40 16

20.9 20 707 235 .50 42

22.5 30 705 290 .70 66

24.5 40 700 355 1.15 95

26.5 50 695 420 1.75 126

28.0 60 685 475 Z.55 150

29.1 70 682 510 3.25 166

30.6 80 682 560 3.90 190

3Z.3 90 675 620 4.65 212

100
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TABLE XXXIX

BRAKED TEST RESULTS

Test No. 3 Tire Size 8:50-10

Soil Type Sand Tire Deflection 35 (d)

Soil Strength 43.2 (CI ) Carriage Speed 5 ft/sec (V)

Station Slip %0 Load, lbs Drag, lbs Sinkage, in. Torque, ft-lbs
S P RB Z T'

21.8 10 988 235 .70 60

24.1 20 980 360 1.10 105

25.4 30 975 460 1.4r 130

26.4 40 970 550 1.85 150

27.4 50 970 630 2.60 167

28.8 60 965 720 3.55 190

30.8 70 950 810 4.60 222

80

90

100

A
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TABLE XL

BRAKED TEST RESULTS

Test No. 4 Tire Size 8:50-10

Soil Type Sand Tire Deflection 35 (d)

Soil Strength 41.0 (CLIZ , ) Carriage Speed 5 ft/sec (V a)

Station Slip % Load, lbs Drag, lbs Sinkage, in. Torque, ft-lbs
S P RB Z T'

20.8 10 1000 Z55 .70 78

22.9 20 1000 380 1.10 127

24.1 30 990 470 1.50 155

24.8 40 980 540 1.90 170

25.6 50 975 620 2.65 186

26.4 60 970 700 3.45 03

28.0 70 950 800 4.50 232

30.7 80 940 850 5.75 270

90

100

4
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TABLE XLI

BRAKED TEST RESULTS

Test No. 5 Tire Size 8:50-10

Soil Type Sand Tire Deflection 35 (d)

Soil Strength 42.7 (CI ) Carriage Speed 10 ft/ec (V.)

Station Slip / Load, lbs Dra, lbs Sinkage, in. Torque, ft-lbs

S P ~ B Z T'

20.7 10 1010 230 .45 65

23.3 Z0 1000 370 o90 145

24.1 30 990 460 1.20 169

24.8 40 980 535 1.45 190

25.4 50 970 630 1.75 205

26.0 60 970 7Z0 2.20 2ZZ

26.8 70 960 810 3.00 244

Z7.9 80 955 900 4.30 272

29.6 90 950 970 5.00 310

31.6 100 870 1030 5.50 360

4
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TABLE XLTI

BRAKED TEST RESULTS

Test No. 6 Tire Size 8:50-10

Soil Type Sand Tire Deflection 42 (d)

Soil Strength 4Z. 1 (CIg) Carriage Speed 10 ft/sec (V)
avg

Station Slip % Load, lbs Drab, lbs Sinkage, n. Torque, ft-lbs
s .... BP z T'

19.7 10 700 180 .30 10

21.0 20 697 250 .50 45

22.1 30 690 310 .70 75

23.3 40 690 380 1.00 90

24.6 50 685 450 1.50 140

25.5 60 685 500 1.95 160

26.5 70 685 550 2.50 182

27.6 80 670 595 3.00 205

29.1 90 665 650 3.60 230

100
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TABT.E XLIII

BRAKED TEST RESULTS

Test No. 7 Tire Size 8:50-10

Soil Type Sand Tire Deflection 3 5 (d)

Soil Strength 47. 1(CI )Carriage Speed 10 ft/sec (V)

Sain slip % Load, lbs Drag, lbs Sinkage, in. Torque, ft-lbs
Stto SP RB Z T______

22.1 10 605 180 .22 75

23.5 20 603 230 .35 100

24.5 30 600 275 .50 117

25.3 40 598 325 .70 135

26.0 50 595 370 .95 150

26.6 60 595 405 1.30 162

27.3 70 593 440 1.62 175

28.4 80 587 490 2.15 194

30.3 90 580 550 2. 85 217

33.0 100 563 535 3.05 232
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TABLE XLIV

BRAKED TEST RESULTS

Test No. 8 Tire Size 8:50-10

Soil Type Sand Tire Deflection 35 (d)

Soil Strength 47. 0 (CI ) Carriage Speed 20 ft/sec (V
CLvg

Slip % Load, lbs Drag, Ibs Sinkage, in. Torque, ft-lbsStation sPBZT
_____ S P "B Z T'_____

22.0 10 590 190 .20 75

23.5 20 600 270 .30 120

24.5 30 590 335 .45 155

25.2 40 583 380 .55 177

25.8 50 588 420 .65 195

26.3 60 605 460 .75 Z10

26.9 70 580 493 .85 225

27.7 80 565 525 1.05 243

28.8 90 575 555 1.50 265

31.4 100 590 530 1.35 300
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TABLE XLV

BRAKED TEST RESULTS

Test No. 9 Tire Size 8:50-10

Soil Type Sand Tire Deflection 42 (d)

Soil Strength 44.3 (CIv) Carriage Speed 20 ft/sec (Va)

Station Slip % Load, lbs Drap, lbs Sinkage, in. Torque, ft-lbs

10

20.8 20 685 220 .20 54

22.5 30 700 320 .53 98

Z4.2 40 700 430 .82 150

25.5 50 685 470 .75 198

26.3 60 690 510 .95 222

26.9 70 660 545 1.20 241

27.5 80 670 640 1.50 260

28.7 90 700 685 1.85 286

30.7 100 690 680 1.60 340
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TABLE XLVI

BRAKED TEST RESULTS

Test No. 10 Tire Size 8:50-10

Soil Type Sand Tire Deflection 35 (d)

Soil Strength 47.6 (CI ) Carriage Speed 20 ft/sec (V)

Slip % Load, lbs Drag, lbs Sinkage, in. Torque, ft-lbs
Station B f, __ __ __ _S P 'B Z T'

22.5 10 1000 320 .60 157

Z4.0 20 995 460 .85 225

25.4 30 990 570 1.15 285

25.7 40 980 650 1.40 296

26.2 50 970 720 1.60 315

26.6 60 965 760 1.85 330

27.1 70 960 820 2.20 345

27.9 80 960 990 2.70 367

29.1 90 990 1035 3.20 394

100
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TABLE XLVII

BRAKED TEST RESULTS

Test No. 11 Tire Size 7:00-6

Soil Type Sand Tire Deflection 35 (d)

Soil Strength 42.8 (CI ) Carriage Speed Z0 ft/sec (V)
' vg

Slip %/0 Load, lbs Dra , lbs Sinkage, in. Torque, ft-lbs
Station S P B Z T'

22.9 10 390 105 .25 40

Z4.9 20 385 185 .35 64

25.8 30 380 220 .50 75

26.6 40 375 235 .75 90

27.1 50 365 250 .95 102

27.4 60 360 Z65 1.10 110

27.6 70 355 Z75 1.15 112

27.8 80 350 290 1.25 116

28.3 90 345 355 1.40 122

31.3 100 383 395 1.85 135
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TABLE XLVIII

BRAKED TEST RESULTS

Test No. 12 Tire Size 7:00-6

Soil Type Sand Tire Deflection 42 (d)

Soil Strength 46.5 (CI ) Carriage Speed 20 ft/sec (V_)

Station Slip 10 Load, lbs Dra , lbs Sinkage, in. Torque, ft-lbs
S P RB Z V

2Z.4 10 450 130 .20 30

24.5 20 445 220 .35 60

25.5 30 450 Z35 .47 75

26.1 40 445 260 .60 87

26.6 50 435 Z90 .75 95

26.9 60 420 320 .82 102

27.2 70 420 A 0 .95 106

27.7 80 430 400 1.15 114

28.6 90 440 455 1.55 125

100
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TABLE XLIX

BRAKED TEST RESULTS

Test No. 13 Tire Size 7:00-6

Soil Type Sand Tire Deflection 42 (d)

Soil Strength 46.8 (CI v) Carriage Speed 10 ft/sec (V. )

Station Slip /0 Load, lbs Drag, lbs Sinkage, in. Torque, ft-lbs
S P RB Z T'

22.9 10 457 145 .25 37

24.1 20 452 190 .50 50

24.6 30 445 225 .75 55

24.9 40 441 250 1.00 57

25.4 50 440 275 1.30 63

26.0 60 435 315 1.60 70

26.7 70 435 358 1.95 76

27.6 80 433 400 2.40 85

29.0 90 432 440 3.00 100

100

IO
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TABLE L

BRAKED TEST RESULTS

Test No. 14 Tire Size 7:00-6

Soil Type Sand Tire Deflection 35 (d)

Soil Strength 44.2 (CI vr' Carriage Speed 10 ft/sec (V

Station Sli . Load, lbs Draj, lbs Sinkage, in. Torque, ft-lbs
S P B Z T'

21.9 10 400 95 .40 30

23.6 20 403 145 .85 50

24.3 30 400 175 1.10 57

24.7 40 390 210 1.30 63

25.0 50 385 235 1.45 65

25.4 60 380 270 1.60 70

25.7 70 370 295 1.80 73

26.6 80 383 350 2.40 80

27.6 90 377 377 2.80 90

32.0 10i) 370 410 3.25 107
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TABLE LI

BRAKED TEST RESULTS

Test No. 15 Tire Size 7:00-6

Soil Type Sand Tire Deflection 35 (d)

Soil Strength 45. 1 (CI ) Carriage Speed -5 ft/sec (V_)

Station Slip % Load, lbs Dral, lbs Sinkage, in. Torque, ft-lbs
S P -B Z T'_

i0 I
10

20.4 20 400 145 .50 36

21.2 30 398 175 .75 42

21.7 40 385 200 1.00 46

Z.1 50 375 225 1.20 50

22.5 60 375 248 1.55 53

23.5 70 380 290 2.45 60

24.8 80 375 335 3.70 70

26.5 90 370 370 4.40 82

31.8 100 385 430 4.68 124

4
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TABLE LII

BRAKED TEST RESULTS

Test No. 16 Tire Size 7:00-6

Soil Type Sand Tire Deflection 42 (d)

Soil Strength 45.7 (CIv) Carriage Speed 5 ft/sec (V.)

Slip % Load, lbs Dra , lbs Sinkage, in. Torque, ft-lbs
StationPBZ S P B Z T'

19.5 10 460 109 .35 17

20.6 20 450 150 .45 27

21.3 30 445 180 .65 35

22.0 40 440 213 o90 40

22.7 50 440 245 1.30 46

23.5 60 435 290 2.00 54

24.6 70 430 340 3.05 62

26.7 80 428 395 3.95 75

30.0 90 428 460 4.65 96

33.0 100 430 465 4.40 106

1
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TABLE LIII

BRAKED TEST RESULTS

Test No. 18 Tire Size 8:50-10

Soil Type Sand Tire Deflection 42 (d)

Soil Strength 39. 8 (CIa.g) Carriage Speed 0 ft/sec (Va

Station Slip 0 Load, ibs Drag, lbs Sinkage, in. Torque, ft-lbs

S t a t i o n S P . B Z T '

10

20. Z 20 690 240 .40 35

22.0 30 687 300 .65 71

24.1 40 685 375 1.05 112

25.7 50 685 460 1.65 144

26.6 60 683 520 2.05 160

27.6 70 682 570 2.67 180

Z8.9 80 675 010 3.15 205

30.5 90 655 615 3.31 235

33.0 100 660 735 4.75 253

15
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TABLE LIV

BRAKED TEST RESULTS

Test No. 19 Tire Size 8:50-10

Soil Type Sand Tire Deflection 42 (d)

Soil Strength 48.1 (CI ) Carriage Speed 20 ft/sec (V)

Slip % Load, lbs Dra, lbs Sinkage, in. Torque, ft-lbsStation _____ p ~ BZ_____S Pli Z T'

19.5 10 690 165 .15 17

22.9 20 695 300 .30 85

24.8 30 700 360 .50 128

26.5 40 700 420 .75 170

28.6 50 675 540 i.30 230

29.3 60 660 580 1.60 255

29.6 70 665 600 1.65 264

30.6 80 690 690 1.75 283

31.7 90 690 685 1.70 293

100

*0
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TABLE LV

BRAKED TEST RESULTS

Test No. 20 Tire Size 8:50-10

Soil Type Sand Tire Deflection 35 (d)

Soil Strength 42.2 (CI ) Carriage Speed 20 ft/sec (V.)

Station Slip % Load, lbs Dra , lbs Sinkage, in. Torque, ft-lbs
S P BZ T'

21.0 10 593 155 .20 37

23.8 20 590 247 .35 90

25.8 30 603 320 .62 134

27,0 40 598 350 .70 166

27.9 50 575 380 .65 200

28.5 60 550 420 .85 225

2q.1 70 545 535 1.00 246

29.8 80 555 573 1.20 264

30.7 90 573 585 1.60 275

100
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APPENDIX III

GOVERNING EQUATIONS, LUMPED PARAMETER MODEL,

AND NUMERICAL PROCEDURE FOR THE TWO-DIMENSIONAL

PLANE STRAIN ROLLING MULTIWHEEL PROBLEM
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Governing Equations

The equations of continuum elasticity and plasticity used in the

lumped parameter iteration method are listed in this section in the form

applicable to the lumped parameter model shown in Figure 22.

a. Dynamic Equations of Motion

.. ) 1(i+ lj+ l) - T (i,J) (i,j+1) - (i+ l,j)
pU(ij)= + .t (A-la)

hh/J

pV(i, j)= = ( '  l ) - ( lj)+. (iljl - ( j)A lb

where

U and V are the displacements in the -q and , directions, respectively;

a" and (., are the normal stresses and T. is the shear stress;

p is the density of the soil;

h is the grid size; and

the dots indicate time derivatives, and i,j are indexing subscripts.

b. Quadrature Equations

ut= ut-At+ (At) bt-At+ (At) 2 t-Lxt t
6 + i U (A-Za)

t t-At * t-A (At)2  zut-At +tVy = V + ( A t + 6 [ V  (A-Zb)

6t= 6t-At At *t-At +A-Zc
/ u'A+-- 1 U U (A-Zc)

rt = t-At + A [ t-At + t
Z~ IVj[x + v (A-2d)

where

At is the time increment, and superscript (t-At) indicates the variables

of the previous load increment.
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c. Drucker-Prager Yield Criterion
1

The criterion states that if the yield function, f, as defined below

is less than zero, the stress point is elastic, and if f is equal to or greater

than zero, the stress point has yielded.

Yield function = f = miI + V (A-3)

where

I = + + a (A-4)

J=; [ ( ' C + (C-a) + (a -c + 6T ] (A-5)

6 Inc
aI (A-6)

C1=  2 sin@ (A-7)3 (3 -sin, )

k = 6 ccos#-c(3_sin4 ) yield stress in shear (A -8)

c = cohesion

* = friction angle

d. Incremental Strain-Displacement Relations

AE (ij)- = U(i,j) - AU(i-l,j-l) (A-9a)

ll h/ V2

AE(ij) AV(i-,j) - AV(i,j-I) (A- 9b)

Ci h/ V2

AE i,j) = 0 (A-9c)

Ay (ij) AU(i-1,j) - AU(ij-)+ AV(i,j) - AV(i-l,j-l) (A-9d)
Zh/ V" Zh/ V'T
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where AE A E,, and A are the normal strain increments,

A y is the shear strain increment,

and AU = Ut - Ut - t  (A-Oa)

AV = Vt - V t - At (A- lOb)

e. Incremental Stress-Strain Relations

A. \AE+ ZGAE +B) (7+ BAE) (A- I la)

Aa =XAE+ ZGAE + -) + BAE,) (A-lIlIb)

AT GAy -q (-P(Q +BAE) (A-I1c)

where AE AE + AE (A- 12)

l+v I
B = a . I(A- 13)I -Zv 6V-

S= 4G (A- 14)

1+ 6(1+ )a

I -Zv

X = Lame's constant in Hooke's law Ev
(l+V)(l-Zv)

E

G = Modulus of rigidity -Z(l+v)

AW = Increment work done

= A + A6 +T AY (A-15)

and =I if f--O and AW>O (loading)
a0if f-O and AW<O (unloading) or f<O (elastic)
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S _ - - .. . . ,w

Then the stresses at time t are:

t 0-t-A t + O-t(A -1 a

t t-At to-= r + Au- (A- 16b)

t t-At t
T T + AT (A-16c)

f. Stress Correction Equations for Perfectly Plastic Yielding

" =(l-c)a+nc [(1+6 2 ) ;L - Zmk] (A- 17a)

_ 2I

o 1 o(l- ) +rc [ (1+6a)L -2ak] (A-17b)

'tiC 3
Tic' = (l-'n ) " (A -17c)

where 1 J - (k- aL)Z  (A-18)wee c ZJ + 12a z (k-o I)/z

and at, a', and T. are the corrected stresses.
1n

4

N
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Numerical Procedure for the Development of the Computer Program

For convenience in the numerical calculations, the above governing

equations are first expressed in terms of dimensionless variables. The

dimensionless variables are formed in the following manner: the variables

having - dimension of stress are divided by the yield stress in shear, k (see

Equation A-8); variables having a dimension of length are divided by the

width, 1, of the applied surface pressure strip; and time is divided by a

characteristic time h/V, which is the time required to travel between two

mass points.

The rise time of the pressure-time curve is divided into a number of

time increments, so the peak pressure is divided by this same number to get

the pressure increment. For each increment of time, the stresses at the

fictitious stress points in the plane (j = 1, in Figure Z2) are changed by the

pressure increment according to the pressure distribution. (Prcssure

increment becomes zero when peak load is attained.) Then the following

steps are performed starting with the mass point at (i,j) = (2, 1):

(1) The accelerations tj and V at time t are obtained by means of the

dynamic equations of motion, Equation (A-l), using the most current stresses

that are known at time t (if not known, those at time t-At are used).

(2) The accelerations at time t and the accelerations, velocities, and

displacements at time t-At are then substituted into the quadrature equations,

Equations (A-Z), to give U, V, U, and Vr at time t. Then the incremental

displacements, AUt and AVt are obtained from Equations (A-10).

(3) The stresses at the two stress points immediately below the mass

point (i,j) are recalculated according to the following steps for each stress

point:

(a) The yield indicating table is checked to determine if the stress

point had yielded. (Initially, the table would indicate all stress points to be

elastic.)
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(b) The incremental strains at time t are calculated using the

incremental str.n-displacement relations, Equations (A-9).

(c) The stress increments are then calculated from the incre-

mental stress strain relations, Equations (A-11). The stresses at the time

t are then calculated by Equations (A-16).

(d) The newly obtained stresses are then substituted into the

yield criterion, Equation (A-3), to check if the stress point had yieided.

The result is then recorded in the yield indicating table. Stress correction

is performed using Equations(A-17), if it were required.

(4) Steps I through 3 are repeated for the rest of the mass points,

proceeding from the ].,.ft edge (i = 2) towards the right and then row by row

downward.

(5) Using the new stresses obtained for all the stress points, steps 1

through 4 are repeated, thus starting the iteration cycle. This is done until

the desired accuracy is reached.

(6) Steps 1 through 5 are repeated for the subsequ,ent time increments,

in which the applied pressure on the boundary is incremented according to the

pressure-time curve.
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APPENDIX IV

ROLLING MULTIWHEEL ANALYTICAL SINKAGE

PREDICTION COMPUTER PROGRAM

with

A. Some Preliminary Remarks About the Computer Program

B. Procedure for Running the Computer Program

C. List of Symbols

D. Fortran Source Listing of the Computer Program
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A. Some Preliminary Remarks About the Computer Program

(a) One of the input data items to the program is the time increment,

DT. It is calculated prior to running the program, using the stability

criterion discussed in the Phase II Final Report 1 . The following procedure

should be followed:

- An approximate time increment satisfying the stability criterion

is first obtained by the formula

(At)approx h

ZcI

where h and c I are the grid size and the dilatational wave velocity, respectively.

- With the above approximate time increment as a guide, a smaller

time increment, At, is chosen such that

n(At) = t - h
C V

where n is an integer and V is the aircraft ground velocity. The symbol t
c

is used for the time required for the loaded area to traverse between two

consecutive mass points; t is also used as a characteristic time for non-c
dimensionalizing the time variable.

(b) The applied surface pressure was assumed to increase linearly to

th. peak pressure through the rise time, t , and was kept constant afterr

t ;r was taken to be 1.5 t

(c) Since the computer time required to run through the total number

of time increments is quite long, the computer program is written such that

a small number of time increments may be run in one computer run.

Magnetic tapes are used for saving results of one run for continuation in the

next run. This can be done by specifying in the last data card the starting

load increment number, LB, and the ending load increment number, LEN.

(d) The computer run is monitored by printing out the vertical normal

stresses, the vertical displacements, and the yield indicating table of the
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region under the load intermittently; the number of load increments skipped

is given by the Index ILl. The vertical normal stresses, vertical displace-

ments, and yield indicating table of the rest of the region are also printed

out at a less frequent rate, and the number of load increments skipped in

this case is given by IEI. The other stresses and displacements are not

printed out because the volume of print-out would be prohibitively large;

however, at a much less frequent rate all results of a load increment are

saved on the output tape. The number of load increments skipped for this

case is given by JLI. The indices ILI, IEI, and JLI are all input data

specified in the .. st data card.

(e) Two magnetic tapes are required. They are set up as Units 9 and

10. They are used alternately as input and output tapes. The interchanging

of the tapes is done by specifying the integers NTI and NTO, which are both

input data items in the last data card. At the end of each run, all the results

of the last load increment are recorded on the output tape, which already

has the intermittent saving of all the rezults of the run. After this, all the

previously saved results on the input tape are transferred over. This output

tape then becomes the input tape in the continuation run. This rotation of

tapes is necessary to avoid holding up a continuation run due to redundancy

on the tape. The number of previous load increment results saved on the

input tape is indicated by integer NT1. The position of the particular load

increment results needed to make a continuation run is indicated by the integer

NT2. The number of load increment results on the input tape that are to be

transferred to the output tape is indicated by the integer NT3. NT1, NTZ,

and NT3 are input control indices specified in the last data card.

(f) The numerical value of each element of the yield indicating table

supplies the following information:

(J) If -1.0 < YIT< 0. 0, the stress point is elastic.

(2) If -10. 015 < YIT < -10.0, the yield function is greater than

zero but has not exceeded the tolerance for yielding (which is 0. 0J5 in this

case), thus, the stress point is still considered elastic.
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(3) If 0. 0 < YIT < 10. 000, the stress point has yielded and is

loading, and no stress correction was applied. The digits to the right of the

decimal point give the stress correction factor (I - nc ) , which is a number

between 0. 0 and 1. 0. The four digits left of the decimal point gives the

value of the yield function which is a number between 0. 0 and 1. 0.

(4) If 30000. 0 < YIT < 40000. 0, the yield function has exceeded

the tolerances for stress correction, and stress correction has been applied,

The digits other than the ten thousand place digit gives the same information

as (3).

(5) If 20000. 0 < YIT < 30000. 0, the yield function is negative but

has not gone below the tolerance (-0. 015) for becoming elastic again, thus,

the stress point is still considered plastic. The digits other than the ten

thousand place digit give the same information as (3).

(6) If 40000. 0 < YIT < 70000. 0, the stress point is plastic and

unloading. The digits other than the ten thousand place digit give the same

information as (3).

(g) Before making a continuation run of the computer program, with

the soil medium being still all-elastic, the value of the cohesion may be

changed without affecting the results. However, since the stresses are

normalized with respect to the yield stress in shear which is proportional

to the cohesion, the values of the stresses must be converted by the con-

version factor, CONV, during read-in of the tape data. This is done by

specifying the control index ICV; if conversion is desired, ICV = 1; if

conversion is not desired, ICV = 0. The value of the cohesion of the saved

data on tape must also be specified as an input data.

(h) The tolerance for unloading is WOT specified in the second data

card. A preliminary value for it may be calculated by the formula

(p 2 At
(Pmax) t

Tolerance for unloading = C
5(A + 2G)
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where Pmax is the peak contact pressure (tire vertical load/contact area),

Xand G are the elastic cc-istants, and At and t are defined in Item (a).
c

B. The Procedure for Running the Computer Program

(1) Specify on the first data card a title of length less than 24

characters including blank spaces.

(Z) Specify the next four data cards:

Second Card - Specify five soil parameters: weight density (psf),

Poisson's ratio, Young's modulus (psi), cohesion

(psf), and friction angle (degree);

Third Card Specify four load parameters: aircraft ground

velocity (inches/sec), tire footprint length (inches),

peak contact pressure (tire vertical load/contact

area, psf), and tolerance for unloading (dimension-

less);

Fourth Card - Specify computational parameters: space grid size

in the x-direction (inches), space grid size in the

y-direction (inches), time increment (seconds),

number of grids in the x-direction, and number

of grids in the y-direction (use 29);

Fifth Co rd - Specify the I-subscripts of the border r iass points

of the loaded areas. The first two is for the left

pressure strip and the other two is for the right

pressure strip.

(3) Specify on the sixth data card the value of the cohesion of the

saved data on tape if conversion is desired. If conversion is not desired,

a blank card must be supplied (see Item g).

(4) Prepare two magnetic tapas and set them up as Units 9 and 10.

Specify on the second-to-last data card the tape numbers of these, arranged

with the tape number for Unit 9 first.
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(5) Specify the last data card. Sixteen integer numbers are required.

Ten of them must be the following, the other four may be specified accordingly:

1 (LEN) (ILl) (IEI) (JLI) 0 0 0 0 1 9 10 0 0 1 100

LEN is the ending load increment number. It is necessary to have it equal

to integral multiples of JLI. ILl , IEI, and JLI has already been discussed

in Item (d). It is necessary to have JLI equal to integral multiple of ILl.

It is suggested to use LEN = 50, ILI = 5, IEI 5, and JLI = 50.

(6) To make a continuation run, the last data card is the only card

needed to be changed. The information needed to change the card is always

printed at the end of the preceding run. Only LEN is needed to be supplied

by the operator.

C. List of Symbols

AL Lame constant (A) in psf; later becomes dimensionless
(A/k)

AP Soil pa :ameter (a,)

BE A variable in the plastic relation related to the stress
invariants (B)

C Cohesion (c) in psf

c 1  Dilatational wave velocity in fps (c 1 )

cZ Shear wave velocity in fps (cZ)

CONV Conversion factor for cohesion (c); (see Remarks, Item g)

COl Nondimensionalizing constant of the equation of motion

DFU, DFV The value of the maximum percent convergence o±
T and C displacements between successive iterations
among all ihe mass points

DT Time increment (At) in seconds
At

DTT Dimensionless time increment (--)
c

DU, DV Percent convergence of the -q and 4 displacements
between successive iterations

E Young's modulus (E) in psi

EX, EY, EXY Strain increments (t, At , and Ay ) at time t
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FC Yield Iunction

FPL Tire footprint length (2) in inches; width of loaded
area (b)

FMS, FMW, FMY Variable format for printing out vertical stresses,
vertical displacements, and yield indicating table

G Shear modulus (G) in psi; later becomes dimensionless
(G/k)

H Grid size in the x-direction; the distance between
mass points (h) in inches; later becomes dimensionless
(h/1)

HH Twice the grid size (2h)

I Index in the x-direction (i)

IBD(l), IED(l) Limiting i-index for trailing loaded area

IBD(2), IED(Z) Limiting i-index for leading loaded area

IC Index for controlling the particular surrounding stress
point to be calculated

ICV Conversion control index (see Remarks, Item g)

ILI The number of load increments skipped in the print out

ILL Load increment index

ILP Index for controlling which load increment is to be

printed out

IMV, MOV Moving boundary control indices

ISF I-subscript modifier for moving the finite region

IT Iteration index

J Index in the z-direction (j)

JA Index for controlling, during the final iteration, the
entry to program for checking if the stress point has
yielded

JLI The number of load increments skipped before partial
res.-Ats are saved on tape

LB Starting load increment number for the particular
computer run

LEN Ending load increment number for the particular

computer run

LPP Index for indicating first plastic point occurring

MI The number of grid points in the x-direction
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N The number of grid points in the downward direction (N')

NIT, NOT Input-output magnetic tape unit numbers for saving
results in continuation run

NLM Number o load increments tor the tire to move through
a space grid, h

NT1, NTZ, NT3 Control indices (see Remarks, Item e)

NTC Load increments counter between two mass points

NTI, NTO Input and output tape unit numbers

NTR Number of load increments through the rise time

P A constant in the plastic relation (Q)

PH Stress correction factor (ilc)

PHI Frictional angle (q) in degrees; later becomes in radians

PI Applied pressure increment during pressure increases

PKP Peak surface pressure in psf (vertical load/contact
area) (Pmax)

PO Poisson's ratio (v)

RAT Stress correction factor (I - n)

RHO Weight density (p) in lb/ft3

SI The current applied surlace pressure that is prescribed
at the ictitious stress points

SIK Dimensionless applied pressure increment

SJ Second stress invariant ot the stress tensor (J)

SS First stress invariant of the stress tensor (I)

SX, SY, SXY Normal and shear stresses in the (1, C) directions
(Or , VC, TTC) at time t

SXS, SYS, SXYS The qtresses of the previous iteration at the
surrounding stress point being conridered

SXT, SYT, SXYT Normal and shear stresses in the (n,C) directions
(un , aj Tn.4) at time t-At

SZ Vertical normal stress (o ) x 102; use for print-out
purpose

SZZ Normal stress in the direction normal to (C,)

TC Time required for tire to move through a space grid
(h) in seconds. (Taken as characteristic time)

TM Time in seconds (t)
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U, IJD, UDD Displacement, velocity, and acceleration in the

1-direction (U, U, U) at time t

UB, VB Temporary storage ior displacements at time t

UDB, VDB Temporary storage for velocities at time t

UI Displacement increment in the r-direction (AU) at
time t

UPL A variable for indicating unloading (0); UPL = -1. 0 is
not loading and UPL = 1. 0 is unloading

UT, JDT, UDDT Displacement, velocity, and acceleration in the
li-direction (U, U, U) at time t-At

V, VD, VDD Displacement, velocity, and acceleration in the

4-direction (V, Vr, V) at time t

VA Horizontal ground velocity, Va, of aircraft in ips

VI Displacement increment in the C-direction (AV) at
time t

VT, VDT, VDDT Displacement, velocity, and acceleration in the
C-direction (V, V, V) at time t-At

W Vertical displacement (w) x 106 in z-direction, use
for print-out purpose

WO Incremental plastic work done (AW)

WOT Unloading tolerance

YI Yield indicatir.g table at time t

YIT Yield indicating table at time t-At

YS Yield stress in skear (k) in psf

D. Fortran Source Listing of the Computer Program (see succeeding pages)

(Written for WPAFB IBM 7094 Computer. A version for the WPAFB
CDC 6600 is available, but not listed here.)
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$SL TtP 9~ CTAPu NO.)
SScTUP 10 (TAPc NO.)
s13JUb MAP, AL II U

sloFIC MPVSPC M9',,XR7
C HLNKY LUMINUh UD l(ESEAKCIA INST.
C Pr~uGkAM I-OR ROLLING mULl 1-wHtLL AN'ALY1 ICAL SIdisAUE PRLU)ICI IUIN
C MAIN4 P1RIKLW;Af CALLING THL~ FOUR GVLRLAID .UrROUTINLS

CUMMtJN/U)UMMY/ Vu(49,29), UUF-t9,?9)1
I SX(499,'2',1, SY(49,29), SAY('.9,29)9

2 iLjr(4')*29) ,uur(49,29) ,Uabf(4992J) , UI ('929))
3 VT( 4 129) ,VI)T( 49,29), vuuT(49,29J , VI (09,2'j),

jCrj,P,AP,AMP,LP,SR,Or,NLM,T,bij(,fl,Itu(2)
CUilMfFJ/CUJ4Tk/LiL('J ILIl, I LP, III t IE, JLI ,JLLti4f I N'~T2,jil 3,iA1U,I!

CALL~ SOATI
CALL SDATi (S-;9)
CALL SCAIC
CALL PqU

99 STOP
E~

THL~ f ULLOW1ING IS A P'AP SUti-PROGRiVM TO DLFI\JL THE FILtS Fl~c THL rAPE
U.,41TS 8, 9, 10.

$1I)MAP MAP;-
ILNTRY .UN08.

*1,1140. PiE UNIT08
UA'ITub FILE BO(I )9R[A0Y.I1I.r)I-N.3LK=25b

LNTPY Utqo9.
.4UNU'. P Z E UN IT 09

UNITU9 FILL B (Z ), A ADY.! INJI1,VbIN s HLK=2 iV
L 11ItV f UNI.

.UNIO. PLf: UNJITIO
UNITjO FILE ,ai(3),.LEAUY,INOUT,BINvl3LK=5.

L N L

SU.{IuIN S1EGi
$IISFTL MMDATI M94*,AR7

SL~bROUTIN4E STJATI
C THIS SUBROUTINE tlEADS IN PARAMfL.(K iATA AND LiUE.J SO'ME I'RELIMINARY
L CALCtJLA IIONS.

CUMMON/DUMMY/ VU(49,29), ULD(49t29)t
I SX(4929), SY(49,29), SXY(49v29),
2 UT(49,29).UZJT(49,29),uO(49.29). UI('.I.29).
3 VT(49,29),VVT(49,29),,IDUI(49,29), VI('t992V)l
4 SXT(49,29),SYI(49,29),SAYI(49,29),Y!T(49,29)
CO14MON/SDAT/ [M.Di.N.M.Nl.,41.SISiK.CU1.HH.~lP IAL.Gb.PO.C.
I C03,PAPAAPLPPSQRZWOTNLMtNTRIB0(s),ltD(2I
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COMMUJ4/C(JN4TK/LB,LE,ILIILP,lEIIEJLIJLLNiNT2NT3,TUNI,
1 ~ NI f NUT *NTC*NLU(20) *I IJBMUV* Iy MV1ISF

D I MtNS ION TITLLM4
C KEAO IN AND WRITE TITLE OF THE RUN.

RLAD (5,129) TITLE
WkIfE (69144) TI TLE

C PEAU IN D)ATA - I-IRST READ CONSISTS OF SOIL PARAMETERS
C SECOND READ CONSISTS OF LUAU PARAMETERS
C THIRD READ CON4SISTS OF LOMPUTAFIONAL PARAMETERS

RLAD (59100) RHOPOECtPHI
RIaAO (5,101) VA,FPL,PKP,WUT
RLAD (5,102) tiUiT,M,N
N I= N-I
MI=M-1

C %,ALCULATE OTHER SOIL PARAMETERS AND PRINT [HEM UUT FOR REFERENCE
G=144 .*E/ (1 .PO)/2.
C2=SQRT(G*32.e'_/RHO)
CI=C2*( 2.*( 1.-PU)/( I..-2.*PU) )**0.5
AL=2.*PO*G/ (1.-2.*PO)
WRITE (69103)
WRITE (6v104) RHOPOE,GC2,Cl
WRITE (6,105) CPHI
PHI =PHI *3. 141 5927/180.
CC=C3.-SIJ(PHI) )*3.**U.5
AP=2.*S IN (PHI )/CC
AAP=AP*AP
YS=6.*C*rCUS(plil )/LC
TC= li/VA
NLM=TC/ DT+0 .001
WRITE (6,106) APYS
WRITE (6,111)
WRITE (6,113) VAPFPLPKP,NLM
WRITE (6,101)
WRITE (6,108) H,DT,M,.4,WOT4
WRITE (6,109)
WRITE (6911U) FPLiTC*YS

C ;0U4-0IMENSIrJNALILING ALL PARAMETERS AND CALCULATE SOME CONSTANTS THAT
C WILL B3E USED IN THE LATER LOOPS

AL=AL/YS
G=G/YS
GG= 2, *(
H=H/FPL
ScJR2=SQRI (2.)
HH=H*SQR2
FPL=FPLI 12.
DI TDT/JC
COI=YS*TC*TC*32.2/( RHO*FPL*FPL)
CU3= AP*(1.+PU)/(1.-2.*PO)
P=GG/ tO.5+3.*C03*AP)
O TG=DT T*GG
DTP=OTT*P
NTR=1.5*FLOAI (NLt4)
IPI=-PKP/FLOAT (NIR)
SIK=PI/YS
PKPK=PKP/YS
WRIIE (6.115) PKPK*PI.SIKNTR
RE:TURN

L00 FORT4AT(F8.1,F6.213F8.1)
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101 FOJRMAI C2FU. .f-10.2961O.29215)
L3z FORMAT (F8.3,L-12.o,215)
10o3 FtJMAT(1Hl19X,l5HsU[L PROPRTdICS)
104s FLjRMAI(23X,(HI,ENSiY,17X.z9-irlO .f-1O.191OH LtsS/CIU-FI/

1 23Xj 14HP(JI SSOIS RArTIC,IX,4H1FO =,F 11.z
2 23X, 14t-YdU!4vS MiJOULUji12X r3H: ,F 10. 1,t4l PSI/
3 23A9 3 li At., MLAUULU), I3,t3HG =,- ICo. L, IOH LBS/SQ-1- I/
4 2iX.11SI&A WAVE VcLuciry C2 =,FLO.I,h-i Fr/SLC/

23X,Zd4fI*UL~rATIONAL nfAVE '/LL. Cl =,FIO.1,7i Fr/sLC//)
10O) FuRMAI(23(,cHIIIL-SliO',hsX,t1C- =,F10.1,1OH LbS/SO-Fr/Z3X,l4HF-KIC[IO

I O( F UR %T ( 2A , 91 !F Y IL LijC -f1, LR 14 ALPHA =j~lb.8/49)A,3HK =,E16.8,

Luo Fu'<A1A(1iA.i-'iiSPACL MESH9
I11.,X,3I1H =0I 10.403H I-J/23X929fiBASIC TIMt. IN(;t-iF-NT of =
2FIO.7,41 aitd/23X,11i-IUmB1.jR~ 01- 1,15A,3h,1 =,14/23X,1H14Ut4t3LR OF J,
31AAH'4 =.14/'3X.&)HkJJU1I-JG TULLRA-4tt vJUT =.LPL1O.2//)

,00') FtJ~tMAT( 111U,19,50HCHARAGTk-RIST1C P-AtAMIkTLRS FOR NON-I)IMENSIONALIZI

IIU FUi<'iAI (?3X,i/,HLC1VFH -- i-OUTPRIN) LE.k,rH- = FPL =.F1O.2.3H IN/
23X,361111ML -- H/Vi4 = rc =,FlO.5t4H SEC/
23X,3bHsTK6SS -- silLAK YILO STRESS. = K =,F1Q.2,IOH LBS/

Ili t-uRiMAI (lH0-iO,1iK.5iLUAU PARAMcTEK.S)
!12 FORMAT (Iti///)
113 FUiOAr (23,X,24HAIRKAFT St;R(UU VizLOuI1Y VA =,FIO.3971 IN/SAEC/

I 23X92'iHfIRE f-uUrPRc1.d LLNGTH FPL =.FlO.3.JH Ir4/
2 ~23X,29fiPEAK APPLItU PRESSURL PKP =,FIO.1,LOH LBS/SQ-FT/

3 23X,29HN0U. OF LOAJ 114CREMENTS NLM =913MI
i15 FO'RMA1 (lI1,19X,24HPRSSJKEf RISE f'AtAMt~tKS/

I 23Xt38diDIMI:NSIONLLSS PEAK PRESSURE ,91PE16.7/
223X#38~1PRa'SSUK[ INLREM~wTS --UIMENSIbJEu =90PF16.5,

310H- LdS/Su-fr/45,.t(,6HUIMEtISIUNLEsS' =,lPEi6.1/
4 2:sX*38HN0. UP INLREMEJTS LI.j RISE TIME = NrR =tI1o,/fl

129 FURMAT (4A6)
14', FdtMAT (IHI////iH0,47A,42HMULrI-Wf1ELL MOVING LOAD SINKA1.7k PkEDICTI

I OW/l5,4A . 4A6)
I ND

iloFIL HVD2Af2 I194,XR7
SUbR(JUTINL SIJAT2(*

C TaiIS SUBROUTINE CONITIN'UES SUbR0UTlINL ShAhL ANU LEI{QES ARRAYS UR
C RL-ALS 0414 FROM TAPE.

CU'4MON/DUMMY/ Vv(49t29), Ui0(49,2))t
I SX(49,29), SY(49929)9 SXY149,29)9
2 UTI49.29),UUT(*t9t29),UL)vT(49,29), UI(49i29)9
3 VT(49,29).VL)T(49,2?)tVUJVT(49929j, VI(49,Z2i)9
4 SXT(4;,2*),fr!44,'),)SXYrI49,24),YIT(4#9,Z9)
COMMON/SDAT/ r14oDT .vN,4fl .MI.1SISK.CUI.HH.OTT. AL*Gb.*PO.C9
I C03,P,AP,AAPLPPtSQR2,WOTNLMId1R,18D(2),Ibo(i) 4

CW4MOWJCU,'T/LBLE, ILI, ILP9IEI 9 IE94LI 9JLLNrI,?T2INf3,IIONT1 ,
I ?H It1NOT NTCNLO(20) oI JB*MOV* IWqTSF
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C EAD IN LIMITING& INDICES FOR LOADED AREA AND CALCULATE APPLIED
C PRESSURE INCREMEN19 S1K.

RtAU (59141) IF31IEN19IB2.IEN2
WRITE: (bilb) Ibl,IEN1,IH2,IEN2

C x[AD IN THE VALUE OF THE COHESION OF rHi: TAPE DATA WHICH IS USED FOR~
C CONVERSION.

READ (5.140) CT
L R-EAD) IN TAPE NUMBtRS OF THE TAPc SETUP ON UNIT 9 AND l0,RESPECTIVELY

READ (5#141) NTIINUT
C R(EAD IN STARTING LOAD INCREMENT NtJNOER AND ENOINI LOAD IACRtMtiNT
C IUMBERt AND) OTHER CONTROL INDICES. CALCULATE THE PRINT CONTROL
C IHuICES, THL TIME OF THE PULSEt ANU THE INITIAL APPLIED PRCSSURE SI
C AND PRINT OUT FOR REFERENCE.

RLAD (5,141) LRLENILIIEIJLINCvtuT,NT2'T3,LPP'4T1,NTO Icy
I #MOV,lJtmv
ILP=Ld*ILI-i

JLL=Ld+JLI-1
(L=L8- 1
TM=BL*Dr
IF (L6.GT.NYR) IL=NTR
SI=t3L*SII(

071 WRITE (6,117)
WRITE (b.118) L89Lk:NvSI9SIK*TM
WRITE (6,135) LBLENILIIEIJLINATLNATlNT2,NT3,LPP,NTi,NT0,ICV

1 ,mOvIJBIMV
LN=( Lt3-1)/NLM
ISF=O
IF (L&,.GT.IMV) ISF=(LB-1-IMV)/NLM.1
WRITE (6,142) 1SF
IF (NTC.EQ.NL4) LN=LiN-1
[BD(1)= lbl+14LN
180(2)= 12.1LN
IEO( 1)=ZENI+1.LN4
IED( 2)=IEN2+1tLN

C IF CONVERSION IS NEEDEO, CALCULATE THE CONVERS!N FACTOR FOR THE
C STRESSES.

IF (ICV.EQ.O) GO TO 159
CON V=CT/C

159 CONTINUE
If- (LB*fJE.1) GO TO 164

C IF THIS IS THE VEkY FIRST RU~d, ALL STRESSES AND DISPLACLMENTS ARE4
C FIRST SET EQUAL TO ZERO, AND THE YIELD INDICATING~ MAIRIA IS SET TO bE
C ELASTIC

0O 7 J=11N
00 7 I=lTM

UD( IqJ)0o.
VUl IJ)0O.
VT(I,J)0O.
UT(IJ)=O.
UDT(I,J)0O.

UDVT(IIJ)=0.

VUDTi I J)=O.4
UI( IJ)=O.
VI(IqJ)=O.

SY( Ij)0.
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SKY(IlIj)=O.
SXI (I J)=O.
SYT( I J) =0.

SXYT (I,J )=O.
I YIr(ItJ)=-1.

L rkE4ARANGE DESIGNATION OF UNIT OF TAPES OI:PENDING ON NTL AND NTO
164t IF (NFI.EQ.9) GO rO 173

ILL=NIT
4IT=NOT
NUT ILL

173 WRITE (6,136) NIT
C IF IHIS IS A CONTrINUATION RUN, THE STRESSES, UISPLACEML-NTS, AND
L YIELD INUICATING TABLE OF TWE PRECEOING RUN ARE REAU IN FROM INPUT
c TAPE. W'~A READO Ilq, IF NO Rr-OUNUAljCY OLCURR~ED, ARE SAVEU IN DISK
(I U.,41 d FOR rRA?4SFER TO OUlPUI IAPE.

DO 162 I=1,NTI
READ (ITI) UTUDT#oUUT,UIVTVbjTVDUTVItSXTSYTSXYIYIT
I LL=SYT 11.1)
WRITE (6,139) ILL
IF (I.N4E.'JTZ) GO TO 162
WRITE (8) UT,ODTUDDT,UI,V1 .VDT.VDoT.VI.SAT.SYTSXYT.YIT

16z: CONTINUE
C k~EiU FROM DISK UNIT B THE DESIRE STARTlIiG STRESSES AND DISPLACEMENTS
C FOK THE C0'4TINUAl TON RUN.

IF (N12.EQ.U) 1,0 TO 175
REWIND0 8

174t READ (8) UT,UDTUUTUIVTVOTVUwTVlSX~TSYTSX(YTYIT
ILL=SYT(l9Il

175 1(- (ILL.NE.(LB-L)l RETURN I
RCWINJ NTI
NT 10

C cQUATc THE CURRENT DISPLACEMENTS AND !,TRESSES WITH THE PREVIOUSLY
C SAVED DISPLACEMENTS AN4D STRESSES. MAKE STRESS CONVERSION IF THE TAPE
C DATA IS NORMALILED DIFFERENTLY.

DO 8 J=L1N
DO 8 I=l,m
UO(IiJ)=UUT(,J)
VD( 1 J)=VDT(I .J)
IF (J.NE.l) GO TO 9

SY(Igl)=O.
SY(I I )=0.

SXTC I, 110.
SYT( I,I)=O.

Go rO 8
9 IF (1t A.EQ.0) GO TO 176

SxYT( I,J)=SXYr(I*J)*CONV
SYT(IJ)= SYT(lJ)*CLJNV
SXT(IJ)= SXT(IJ)*CONV

SYU.$J)= SYJ(I*J)
SXY( l,J)=SXYT( IJ)

d CUNTINUE
N I2=0
REWIND 8
RET URN
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lio FUR;4A1 !20Xv2W-ISIART1WG LUAUt 3URDER INOICES//

117 FORMAT [LHlI8X,34HPARAME[E-Rs FOR THIS PAR11CULAR RUN)
lid FOR14AF (23X937HSTARTING LOAD INCREMcN'T I4UMOER LB =.16/23X.37HcND

LING LOAL) INCREMENT NUMBER LEN =,16/23X,37HSTARTI.N14 SURFACE PRES
2SURE SI =#lPEI7.7,I1d (O)IMC-NSI)UNLESS)/23X3tliPR-SSUkE (OR L
30A0) INCREME14T SIK =,1PEII.7,L6H (bIMkNSIONLESS)/23X9I31STARIIN
4G TIME92OX,'HTM =,OPFI2.7,4H SEC//)

135 FURIMAT (IH0,I8Xt32HLAST DATA CARD) OF THIlS RUN IS---/
225X,77HLB LEN ILI JEI JLI NTC NIL NTZ NT3 LPP Nff NTO
31CV MOV IJB IMV//22XIbI5///)

138 FORMAT (lHO,18X911HTAPE NUMtiE!#I6t54H CONTAINS THE RESULTS OF LOA
ID INCREMENT NlUMBER ILL ~/

139 FORMAT (23X,15)
140 FORMAT (5F11.2)
141 FURMAT (IX,1615)
142 FORMAT (18X,34HBORER INTERFACE LOCATIUN4---- ISF =,13///)

E N 0

$UR~u1NSEGI
$IuFTC MMCALC M94.XR7

SUBROUTINE SCALY,
C THIS SUBROUTINE UOES THE MAIN CALCULATIONS OF THE ITERATIONS, PRINTS
C OUT NEEDED ReSULTS9 AND SAVES RESULTS ON TAPES.

COIIMON/OUMMY/ ViD(49,29), UD(49,29),
I SA(49y29), SY149,29), SAY(49,29)9
2 UT(49929),UDT(49.29).Uool (49.29), UI(49*29)9
3 VT(49,29),VUT(49,29bPVVDT(49,29), VI(49929),
4 S)XT(49t29),SYT(49,29),SXYT(49,29),YIT(49,29)
CUMMON/SDAT/ 1?,DTNMNlMISISIKCII,HH9f)TT ,AL.G~.POC.
I C03,AP.AAP.LPPSQR2,vEOTNLM,NTR,IBD(2),ILD(2)
COMMON/CONTR/LBLENILIILPIEI ,IEJLIJLLN4T ,NT2,NT3vNTONTIt

1 NITNOTNTCNLO(2Ob#IJbMOV,IMVLSF
C 1HE FOLLOWING DATA STATEMENTS SUPPLY THE VARIABLE FORMAfS.

LOGICAL FRNTLAST
SJF(VI,V2,V3, V4)=SQRT( t(VI-V2)**2+( V2-V3)**2+(V3-VI)**2)/6.*V4*V4)

C STARTING POINT OF MOST OUTER LOOP* FOR CALLULAfION OF EACH LOAD
C INCREMLNTS.

UPL=-I.
I Y=O

169 DO 250 ILL=LB.LEN
LPT=O
TM=TM*DT

C SET PRESCRIBED APPLIED SURFACE PRESSURE-.
NTC=NTC+l
IF (NTC.LE.NLM) GO TO 8
NTC=1
IF (MOV.EQ.1) IJB=IJB+1

00 3 K=192
I8D (K )=IBJ( K) +l

3 IED(K)=IED(K)+l
IF (ILL.LE.IMV) GO TO 8

7' ISF-( ILL-IMV)/NLM4i
DO 160 J=1.N
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SK( ;SF J) O.
SY( SFtJ)=O.
SXY( 'SFJV=O.
SXI( ISFtJh=O.

SXYT( ISFtJV=O.

VIf 1SFJ) -O.

Vi(I 5H4 J)=u.

VT( I SF:J )=Q)

b3 P1=FLAT(NTC)IL4T(dL4)
IF ( lLL.LL.tiTR~) SI=SI+SIK
D)U 13 K=192

I B=I1 BD (K)
IcN=IE0(K)
IF (lLS.LT.II3U(l)) wi TO 13

flu 1.1 !=ltB.IEN
11- (.EO. lb3) L, f) To0 4
IF (I.EOIEN) kiU TO 5
AS I=S 1/2.
Gu fl) 7

4, ASIRNI*SI/2.I/2

7 SX(I,1)=ASI
SYC 1,1)=AS I
Sxy( 1.1)=ASI
SxT( 1 ,1JASl
SYT(IIl)=ASI
SxYT (1,1 kASI

11 CON fI NUE
li CONTINUJE

MK=M
IF (ISF.GT.0) MK=ISF

C STARTfING POINT fOF THE ITERAITUN LUUP.
JAMI
1T=o

6 IT=IT+l
LAST=JA. EQ. 2
DFU=O.
UFV=O.

C STARTING POINT FOR ITHIE LOOP INCREMENTINiv EACHi ROW GOING UUW~AWARD

00 83 J=1,.Ni

DU) 83 IQ=2,t41

C IT-L FOLLOWING 8 STATEMENTS MOUIFY 
THE I-INUEX FOR REVOLVING 1UUNDARY

1=IQ+ISF
IF (!I-M) 161,163,165

161 [P=1+1
GO TO 9

163 IP~l
GO TO 9

165 I1--M
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I P= 1+1
CCALCULAI1: s AT EACH MASS PUINT. I HE ALCELkKATI UNS FRUM THE: *dYNAMIC
C cAUATIINS OF MUrIUN. THE PARTILULAR t(JUATION TO USE UEPL14US ON' TH-I
C LU .ATIU4 OF THlE MASS POINT.

Vi UUi)=CU1'*(BX(I2,JP)-SX(I.J)sKjXY(I.JP)-SAY(IP.J) !/HH

C %"ALCULATE THE LISPLACLMENTS ANJU VELI)LITIE,,- AT 11ML T i.<(Um THE
C jUAUKAIU't L-OuATI(,NS.

lu 1Jo =iJ1(I.J)4Lj.:uL)i(Ij)+UTT*urT*IuDT(I,Jh-42.+uuu)/u.
V~i rV(I,J)+uTrfvVuT(I,J)+UT*UTT4(VUUT(IJ)*2.+Vuu)hj.

UU13 =UU (I ,J )+UTT*(UJOT( I,J)tUi)O)/2.

11- I.J:L .,0 TO 12
UtJ( I,J)VUudr
VOl I,J)=VUI3
*ju 11I 14

L IkVt- UuE WITH lit 1)1 M'LA.Crm14TS FROM Tilt PRLLF-EUIf4G ITEt(ArJUN
12 tU1( I,J)+UI( IJ )

V=VI(IJ)+VI( I.J
U=( tis+U) 1 .
Vd=AV6+V)/?.

VL)(1I,Jh=((VC+WD( I,j) )IL.
C lu CALLULAfE THE DISPLACLMENfl IN(.KEMLNL.)

VI (I J)=VB-VI (I J)
IF (JA.NE*2) sL)( TO 17
UL)DT( IJ)=Uuu
VDI ( I qJ) =VIA)

17 IF (IT*LE*2) G;O TO 20
C CALCULATE THE PERCENT LONVER'OEisCE UF THL VERTILAL UISPLALEMENT
C 6E][WEEN TIS ANU THE PRECEDING IIEKAl JUN. LUCA1E THE LARGESI PLRCE1NT
C ANLJ SAVE IF FUR LATLR RLFERLNCL.

IF (AbS(U).LT.1.0E-3O.Ok.AOiS(V).LT.I.UL-30) 6,0 TO 40
DUi=ABS (UB/U-1 .
EhI=AtS(Vi/V-I.)
IF (DU.LE.uFU) b0 TO 18
DFUUU
ILU=ILL

f ItU=IT
IU=I
JU= J

10 IF (DV.LE.DFV) GO TO 20
DFV=DV
ILV=ILL
ITV=I I
IV=I
J V= J

C CALCULATE THE STRESSES OF THE TWO STRLSS PUINJiS BELOJW THE MASS POINI.
C INUEX IC INDICATES WHICH STRESS POINT IS 6EI14G CONSIDERED.
C IC=1 IS THE ONE ON THE tdHT
C IC=2 IS THE ONE ON THE LEFT

20 IL=1
K=IP

22 KM0) KM-
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FRNT=IC.EQ. 1. ANL.K.NE.MK
C SAVE THE STRESSES OF THE PRECEDING ITERATION*

SXS= SX(KTL)
SYS= SY(K.L)

SXYS=SXY( K,L)
YITS=YIT(KvL)

C LALCULAIE IHL SIRAIN iNCRLMLN1S.
EX=(UI (K.L)-UI (KM*LM) )/HH
EY=( VI (KMYL)-VI (KPLM) )/HH
EXY=(UI(KML)-UI(K,Lt4)+VI(KL)-VI(KMLMfl/HH/2.
EE=AL*t EX+EY)

C CHLC.K THE YIELD INDICATING TAB~LE TO LETERMINE WHICH SrRESS-STRA[N
C RELATION TO USE.

IF (YITS.GE.O..AN~oYITS.LE.40000.) GO TO 35
L jTRLSS POINT IS ELASTIC.

SX(K,L)= SXT(KL)+GG*EX+EE
SY(K#L)= SYT(KL)+GG*EY+EE
SXY(KoL)=SXYT (KL)+GG*EXY
GO TO 50

C 35 STRESS POINT IS PLASTIC.
35 UPL=-l.

WO=SXS*EX+SYS*EY+SXYS*EXY
SZS=Po*( SXS+SYS)
SS=SxS+SYS+SZS
S J=SJF(SXS. SY S.SZS *SXYS )
BL=C03-SS/SJ/6.
SJ2=SJ*2.
WE=(WO/SJ2+BE*EE/AL)*P
SX(KL)= SXT(KL)+GG*EX+EE-(SXS/SJ2+BE)*WE
SY(KL)= SYT(K,L)+GG*EY+EE-(SYS/SJ2+SEJ*WE

SXY'(KL)=SXYT (K*L )4GG*EXY-SXYS*WE/SJ2
C 50 CHECK IF THE STRESS POINT HAS YIELDED. TIS IS DONE ONLY FOR THE
C FINAL ITERATION. JA INDEX CONTROLS THE ENTRY.

50 IF (.NOT.LAST) GO TO 64
C CALCULATE THE YIELD FUNCTION

SS=SX(K#L)+SYIK,L)
SZZ=PO*SS
SSSSS+SZZ
SJ=SJF(SX(KL),SY(KL),SZZSXY(KL))
FC=AP*SS+SJ-1.

C CHECK IF THE YIELD FUNCTION IS GREATER [HAN THE TOLERANLE ABOVE ZERO.
C AND MAKE THE APPROPRIATE CHANGE IN THE YIELD INDICATING TABLE

IF (FC.GT.O.015) GO TO 55
IF (YITS.LT.O.) GO TO 53
IF (FC.GT.-O.015) GO TO 55

53 IF (FRNT) GO TO 66
YI=FC
IF (FC.GT.O.) Yl=-1O.-FC
GO TO 64

C 55 STRESS POINT HAS YIELDED. CHANGE CONTROL INDEX TO SAVE DsTA OF THIS
C LOAD INCREMENT ON [APE. CHANGE THE FORM4AT OF THE YIELD INDICATING
C TABLE PRINT OUT.

55 IF (FRNT) GO TO 58
IF (LPP.NE.1) GO T0 56
LPP=2

CCHECK FOR UjNlOADING
56 WO)=SX(K,L)*EX +SY(K',L)*EY+SXYIKL)*EXY

I(WO.LT.-WOT) GO TO05
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If- (WO.GT.WOT.OR.YITS.LT.40000.) GO TU 58
57 UPL=I.

C CALCULATE THE STRLSS CURkLCTION FALIUR.
58J SSP=( I.-AP*SS)**2

SJS=SJ*SJ
PH= (SJS-SSP )/(2.w*SJS+LZ.W*AAP*SSP )
PAK=PH ( ( .+6.*AAP)*wSS/_4.-2 .*AP )

RAT=I.-PH
FCJ=AINT( 10000.*FC)
IF (FC.LT.O.) FCJ=20000.-FCJ
YI=FCJ+RAT
IF (UPL.GT.O.) YI=YI+40000.
IY=L

C STKLSS CORRECTION IS MADE BY FHt FOLLOWING STATEMENTS ONLY IF THE
C YI-LLb FUNCTION IS GREATER THAN A TOLERANLE.

IF (FC.LT.U.020) GO TO 64
YI=YI+30000.
SX(K,L)= SX(KL)*RAT+PAK
SY(K,L)= SY(KL)*RAT+PAK
SXY(KL )=SXY( K.L)*RAT

64 IF (FRNT) GO TO 66

IF (LAST) YIT(KL)=YI
IF (IC.EQ.2) GO TO 83

6b K=I
IC=2

(U TO 22
83 CUNTINUE

IF (IT.LE.2) GO TO 6
WRITE (6,143) DFUILUITU, iUJUUFVILVITV, IV,JV
IF (LAST) GO TO 85

C CHLCK IF THE CONVERGENCE IS GOOD ENOUGH. RETURN TO CALCULATE ANOTHER
AC ITERATION IF NOT ACCURATE ENOUGH.

II- ((DFU.GT.O.002.UR.DFV.GT.O.002).AND.II.LT.7) GO 1U 6
C IF ACCURATE ENOUGH, ADJUST JA INDEX AND CALCULATE FINAL IIERATION.

JA=2
GO TO 6

C lHt FOLLOWING LOOP SAVES ALL TI DISPLACEMENTS AND STRESStS IUR THE
C CALCULATION OF THE NEXT TIME INCREMENT,
C WITHIN THIS 1Ol)PP THE VERTICAL DISPLACEMENTS AND STRESSLS AKE ALSO
C CALCULATED FRUM THE DIAGONAL DISPLAEMENTS AND STRESSES.

85 DO 90 J=LN
DO 90 I=1M
IF (I.FQ.(ISF+I)) GO TO 87

UT(IJ)= UT(I.J)+UIIIJ)
VT(I,J)= VT(I,J)+VI(I,J)

87 UDT(I,J)= UD(IJ)
VDT(I*J)= VD(I*J)

IF (J.EQ.1) GO TO 90
89 SXT(IJ)= SX(I,J)

SYT(I,J)= SY(IJ)
SXYT(IJ)= SXY(IJ)

90 CONTINUE
IF ILPP.LT,2) GO TO 185

C THc STRESSES AND DISPLACEMENTS OF THE LOAD INCREMENT IN WHICH THE
C FIRST PLASTIC POINT OCCURS ARE SAVED ON THE OUTPUT TAPE.

LPP=O

WRITE (69119)
WRITE (6t143) TM#I'LLiIT
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LPI=l
GU TU 245

185 CONTINUE
193 IF I(ILL.LT. ILP) GOJ TO 250

C SAVt RESULTS UN M4ASS STORAGE FOrL SUURUUIINL PROUT TO PRINT (jUl LATER.
C , AVING IS DU."t: UNLY Ar INCREMENTS OF ItLI.

245 NT2=.NT2+1
SXT (1,1 )=TM
SYT 11,1) =1LL
SXYT(191)=IY
SXT(2, l)=IbU(l)

WRITe (8 )UTUDTUI)DTUIVT.VD1,VUUTVISXTSYTSXYTYIT
SXT(1,1)= SX(lil)
SY1(1,I,= SYCI,1)

SXYT C 1.1)=SXY(1.1)
SYT(2,1)= SY(2ti)
SXTC2t1)= SX(2 1 l)

JTM. IT IME CK)
WRITE (6,143) rM,JTM
I',- (LPT.Efj.1) (j- TO 185
ILP=ILP+IL I

Z~50 CONTPINUE
REWIN) a
RET URN

119 FURMAl (3A92311STRtSS POINT IS PLASTIC//
143 FORMAT (2X,2(I:20.8,418))

ENU

$ORhPIN SlIGl
$IisFIC MPROUT M94#XR7

SUBROUFINt PRGU1
C THIS SUBROUTINE IS FOR PRINTING, OUT THE VERTILAL STRESSESv VLRTICAL
C DISPLACEMENTS, AND YIELD INDICATING TAVILE IN THE REGION U14UER THE
C LOADED AREA f-Oi MONTIURING THt COMPUTEK RUN

COMMON/L)UMMY/ VO)(49,29), UU(49,29),
1 SX(49,29), SY(49,29), SXY(49929),
2 UT(49,29),UD1(49,29).UDDI(49.29). 01(49.29)*
3 VT(49,29),VUT(49929),VDDiT(49t29), VI(49,29),
4 SXT(49,29),SYT(49,29),SXYT(49,29),YIT(49,29)
CUMMUN/SDAT/ TM,DfNM,N1,MISI,SIKCUI,HHtDTTALGbtPOC,
I GO3.P.AP.AAP.LPP.SQR2,WOt.NLMNTR.IBD(Z),1LD(2)
COMMO4/CONTR/L8 ,LENILI,ILP, lIE IlIEJLIJLL ,NTINT2 ,NT3 ,NTONT I,

I NITNUT,NfrC,NLO(20),IJ63,MUV,IMVISF
D1IMENSIONJ SL(49929)9 W(49929)
LDIVALENCE (SZA1)9SX(l) )i(W(1),SY(l)J

DIMENSION FMS(3),FMW(3),FMY13)
DAlA FMS(1)/16H(lXtI2,l? F10.6) /9
1 FMw(l)/18H(IX#I2,12 F-10.6) I,
2 FMY(1)/lf!H(lX912v12 F1O.6) /,
3 FX5,lX4,FX3,FX2/6H1-1.)6HFIO.4),6HFI0.3),6HF10.2)/
4 *FX6/bHF1O.6)/
DO 240 K=1,NTz
REAL) (8 )UT,UDTUOIJIUI,VTVDTVLVTVISXTSYTSXYTYIT
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ILL= SY1(iI)
IEN= SYT(291)
IB= SXT(2,I)
IY=SXYT( 1,1)

1* IF (ILL.NE.JLL) GO TO 5
C THE INDEX JLL CONTROLS THE SAVING OF THE RESULTS OF A PARTICULAR
C LOAD INCREMENT ON THE OUTPUT TAPE FOR LATER REFERENCE. THE
C INTERVAL IS GIVEN BY JLI. THE RESULTS OF THE LAST LOAD INCREMENT
C IS ALSO SAVED FOR THE CONTINUATION KUN.

JLL=JLL+JLI
NTI=NT1+1
NLO(NTI )=ILL
WRITE (Nfl)) UTUDTUDDTUIVTVDTVUDTVI ,SXTSYTSAYTYIT

5 SXT(lsl)=0.
SXT(2, U =0.
IF (IY.EQ.1.) FMY(3)=FX3
DO 30 J=1,N
DO 30 I=loM

W(IJ)=(UT (IJ)+VT(1,J))*1.0E06/SQR2
IF (J.NE.1) GO TO 25

GO TO 30
25 SZ(IJ)=U(SXT(I,J)+SYT(IJU/2..+SXYT(1,J))*10.
30 CONTINUE

S T= 0
C SELECTION OF FORMAT FOR THE PRINT OUT.

IF (AbS(SZ(IEN,1)).LT.1O. ) GO TO 209
IF (ABS(SZ(IEN.Ifl.LT.iOO.) GO TO 206
FMS( 3)=FX4
GO TO 212

208 FMS(3)=FX5
GO TO 212

209 FMS(3)=FX6
212 IF (ABS(W(IB+1.1)).Lf. 100.) GO TO 218

IF~ (A8S(W(18+19L)).LT.10000.) GO TO 216
FMW(3)=FX2
GO TO 238

216 FMW13)=FX4
GO TO 238

218 FMW(3)=FX6
Z36 CONTINUE

C PRINT OUT RESULTS IN THE PROPER FORMAT

JE=JB+ll
239 WRITE (69125) ILL, TM,(J#J=JBJE)

WRITE (69FMS) (J,1 SZ(I*J)vl=JBtJE)tJ=,ri)
WRITE (6,126) ILL, TM, (J*J=JBJE)
WRITE (69FMW) IJ*1 W(I*.i)*I=JB.JE),J=1,N)
WRITE (69136) ILL, TM,(JJ=JBJE)
WRITE (69FMY) (Jv(YIT(IJ),I=JBJE),J=19N)
IF (JToEQ.1) GO TO 240
J8=JB+12
JE=JE+12
IF (JE*GE.M) JT~l
tO TO 239

240 CONTINUE
Nrz=NTI.p 183



WRITE (6,138) NOT
DO 205 I=tNTI

205 WKIrE (6,139) NLO(I)
C IHL RLSULTS FROM THt INPUT TAPF IS TRANSFkRRE) TO THE oUUTVU TAPE
C dEHINU THE OUTPUT OF THIS RUN.

IF (NT3.EQ.O) GO TO 199
DO 210 1=.NT3
RL-AD (NTI) UT,UUT,UOI ,UIVTVOt,VUT ,VISXTSYT,SAYTYiI
NTI=NT1+1
ILL=SYT(1,1 i
WRITE (NTO) UTUDTUDOT,UI ,VTVDT,VDOT,VI,SXr,SYT,SXYT,YIT
WRITE (6,139) ILL

210 CONTINUE
199 NT3=NT1

LEN=LEN+l
ICV=O
WRITE (6,137) LENtILItIFIJLI,NTC,NTIl,NT2,NT3,LPP.NTONIIICVMOV
1 ,IJBIMV

99 RETURN
125 FORMAT (49HIVERIICAL STRESS DISTRIBUTION (SL*100.) AT ILL =,15*

1 8H, TIME =,FIO.6.5H SECIIIXP19,1lIlO//)
126 FORMAT ( 58HIVERTICAL DISPLACEMENT DISTRIBUTION (,d*1O.OE 06) AT

1 ILL =,T5, 8H, TIME =,FIO.6,SH SLC//IX,19#11IIOII)
13o FORMAT (4OHIY[ELD INUICATI; TABLE (YIi) AT ILL =.I5,

1 8H, TIME =,FIO.6t5H SEC//IX,19,11I10//)
137 FORMAT (IHO,3X,7IHFOR CONTINUING RUN, ONLY NEED TO LHANkE THE LAST

1 DATA CARD AS FOLLOWS--//
ZILX,77HLB LEN ILI IEI JLI NTC NTI NT2 NT3 LPP NTI NTO
31CV MOV IJB IMVII8X,15,5X,1515)

L38 FORMAT (IHO,1BX,IIHTAPE NUMBERIb,5H CONTAINS THE RESUL[S OF LOA
ID INCREMENT NUMBER ILL =I)

L39 FORMAT (23X,15)
END

THE FOLLOWING IS A SAMPLE SET OF INPUT DATA FOR THE PROGRAM.

SDATA
SPACING FACTOR, N=2.5

1O.0 0.45 8950.0 2000.0 15.0
900.0 18.0 24600.0 1.38E-04
4.50 0.0001 39 29
11 15 21 25
400.00 500.00

2456 2561
1 50 5 5 50 0 0 0 0 1 9 10 0

SIEOF
I lOG
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APPENDIX V

HIGH SPEED VERTICAL PLATE TESTS

TEST RESULTS
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TABLE LVI

MOISTURE -DENSITY - CONE INDEX SUMMARY -CLAY

Percent Dry Density
Test No. Moisture (lb/ft3 ) Citot.

w Yd (lb/in2 )

C-lA 29.89 85.69 121.8
C-lB 29.72 86.25 119.8
C-2A 28.96 75.13 137. 7
C-2C 28.70 86.15 120.0
C-3C 28.31 90.02 108.7
C-3D 27.82 87.98 109.9
C-4A 29.72 71.56 99.7
C-4C 29.41 85.32 134.7
C-5A 29.46 78.98 141.7
C-SB 29.81 78.21 136.8
C-6A 30.35 81.38 102.9
C-6B 30.45 80.50 110.8
C-7A 29.80 81.59 109.3
C-7B 30.25 81.05 108.4
C-8A, 29. 16 88. 91 120. 8
C-8B 29.24 87.48 115.9
C-9A 29.25 87. 19 109.2
C-9B 28.29 87.29 109.7

________________________
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TABLE LVII

TYPICAL CONE PENETRATION RESISTANCE
WITH DEPTH CALCULATION

Test No. C-3D, Clay

Rate, r = 0. 1 in/sec

Depth, inches R R R 3  I e r

lbs lbs lb5s

1-1/21 + 1/211 49 52 57 102.7

+ 1" 51 53.5 55 106.4

+ 1-1/2, 53 55 57 110.0

+ 2,, 53.5 55 59 111.6

+ 2-1/2" 55 56 60 114.0

+ 3", 56 56 60 114.6

R + R+ +R
CI =# 2 #

Layer 3 ACon e

where A 0.50 sq. inches

R# 1 p R#2 , R# 3 represent the cone penetration resistance in

pounds of three cone penetration tests taken per sample.
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TABLE LIX

MOISTURE - DENSITY - CONE INDEX SUMMARY - SAND

Percent Dry Density
Test No. Moisture (lb/ft3 ) CI2

w Yd (lb/in2)

S-lA 4.96 119.76 49.0
S-IB 5.1" 120.55 48.0
S-IC 5.34 118.37 57.2
S-2A 5.48 115.90 51.4
S-2B 5.76 118.40 50.2
S-2C 5.76 120.74 52.0
S-3A 5.96 119.13 50.8
S-3B 5.69 115.65 49.3
S-3C 5.70 124.27 58.0
S-4A 5.90 119.10 50.8
S-4B 5.34 115.80 48.8
S-4C 5.83 120.86 50.6
S-5A 5.42 114.10 49.8
S-5B 5.66 113.40 50.6
S-5C 5.62 115.38 45.2
S-6A 5.64 123.06 56.4
S-6B 5.12 121.16 53.4
S-6C 4.95 120.66 52.0
S-7A 5.10 123.06 61.4
S-7B 5.23 124.65 51.4
S-7C 5.13 121.46 58.2
S-8A 4.58 122.29 49.6
S-8B 4.72 119.17 53.3
S-8C 4.81 119.94 47.1
S-9A 5.13 124.95 57.9
S-9B 4.83 118.53 61.7
S-9C 4.75 120.68 54.8
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TABLE LX

UNIFORMITY OF SAMPLE PREPARATION -SAND

ciLayer

Test No.

1i /2"1 1"lf c 1-1/2 1, 2"il c 2-1/2 11" 3"1

S- IA 12.7 22.1 33.7 49.0 68.3 91.9
S-lB 12.9 21.2 32.3 48.0 67.3 90.7
S- iC 16.2 26.5 40.5 57.2 80.0 104.9
S-2A 14.8 23.2 35.2 51.4 70.4 94.4
S-2B 13.2 21.8 33.8 50.2 67.8 91.2
S-2C 15.4 24.7 36.5 52.0 70.2 92.1
S-3A 13.5 21.9 34.0 50.8 71.4 97.2
S-3B 13.0 21.8 33.5 49.3 69.4 90.6
S-3C 17.1 27.7 41.3 58.0 75.8 100.1
S-4A 14.7 23.1 35.0 50.8 69.4 93.2
S-4B 14.9 22.7 33.6 48.8 69.5 92.4
S-4C 15.6 24.3 34.0 50.6 70.4 95.0
S5SA 14.5 23.5 34.7 49.8 69.7 97.3
S-SB 13.5 22.7 33.7 50.6 68.0 89.9
s-5c 1z.0 20.4 31.5 45.2 64.3 90.8
S-6A 17.2 27.9 40.9 56.4 74.5 96.1
S-6B 15.0 23.8 36.9 53.4 72.4 95.7
S-6C 13.7 23.0 35.1 52.0 75.0 100.4
S-7A 16.4 27.7 42.7 61.4 86.1 111.3
S-7B 14.7 24.5 36.7 51.4 70.1 90.3
S-7C 15.1 25.1 39.4 58.2 82.9 110.8
S-8A 12.6 21.0 33.3 49.6 66.0 85.4
S-8B 14.5 23.4 36.2 53.3 72.9 94.3
S-BC 14.9 23.3 33.8 47.1 65.5 90.8
S-9A 15.3 25.7 39.0 57.9 80.4 108.1
S-9B 15.3 25.7 41.6 61.7 85.3 111.5
S-90 15.6 25.8 38.7 54.8 76.5 104.0
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APPENDIX VI

UNIVERSITY OF DAYTON TIRE/SOIL INTERACTION

RESEARCH REPORTS AND

COMPUTER PROGRAMS
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A summary listing is gi-en on the following pages of each report

and each computer program developed by the University of Dayton under

Air Force sponsorship (Air Force Flight Dynamics Laboratory, Vehicle

Equipment Division) in the research program, "Landing Gear/Soils

Interaction and Flotation Criteria."

The computer programs are available for use by other organizations

with Air Force permission. Additional information may be secured by

contacting:

Dr David C. Kraft
Dept. of Civil Engineering and Research Institute
University of Dayton
Dayton, Ohio 45409

Mr. George J. Sperry
Project Engineer, Vehicle Equipment Division (AFFDL/FEM)
Air Force Flight Dynamics Laboratory
Wright-Patterson Air Force Base, Ohio 45433

LANDING GEAR/SOILS INTERACTION AND FLOTATION CRITERIA
PUBLICATIONS AND REPORTS

Kraft, David C., and Hoppenjans, J. R., Experimental Determination of
Rolling-Multiple Wheel Performance in Soil, paper accepted for
presentation at ISTVS 4th International Congress, Stockholm, Sweden,
April 1972.

Kraft, David C., Luming, Henry, and Hoppenjans, J. Richard, Multiwheel

Landing Gear - Soils Interaction and Flotation Criteria - Phase III,
Part I, AFFDL-TP-71-12, Part 1, Air Force Flight Dynamics
Laboratory, Wright-Patterson Air Force Base, Ohio, May 1971.

Kraft, David C., and Luming, Henry, Multiple Rolling Tire Sinkage and
Drag Interaction Effects, paper presented at the Joint 1STVS-
SAE Meeting, Detroit, Michigan, January 1971.

Luming, Henry, Analytical Aircraft Landing Gear-Soil Interaction -
Phase I1., Rolling Single Wheel Analytical Sinkage Prediction Technique
and Computer Program, AFFDL-TR-70-142, Air Force Flight

Dynamics Laboratory, Wright-Patterson Air Force Base, Ohio,
September 1970.
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Kraft, David C., Liguori, Albert E., Hoppenjans, J. Richard, Twin-
Vertical Plate Verification Tests, Test Report, UDRI-TR-70-27,
University of Dayton Research Institute, Dayton, Ohio, May 1970.

Luming, Henry, Multiwheel Vertical Pulse Load Analytical Sinkage
Prediction Technique and Computer Program, UDRI-TR-70-22,
University of Dayton Research Institute, Dayton, Ohio, May 1970.

Kraft, D. C., Luming, H., and Hoppenjans, J. R., Aircraft Landing Gear-
Soils Interaction and Flotation Criteria, Phase II, AFFDL-TR-69-76,
Air Force Flight Dynamics Laboratory, Wright-Patterson AFB, Ohio,
November 1969.

Luming, Henry, Finite Element Approach to Axisymmetric Dynamic Soil
Deformations, Symposium on Application of Finite Element Methods
in Civil Engineering, Vanderbilt University, Nashville, Tennessee,
November 1969.

Kraft, David C., Flotation Performance of Aircraft Tires on Soil Runways,
Journal of Terramechanics, Vol. 6, No. 1, 1969.

Kraft, David C., Preliminary Single Wheel Relative Merit Index, UDRI-
TR-69-16, University of Dayton, Dayton, Ohio, May 1969.

Kraft, David C., Analytical Landing Gear-Soils Interaction, Phase I,
AFFDL-TR-68-88, Air Force Flight Dynamics Laboratory, Wright-
Patterson Air Force Base, Ohio, August 1968.

LANDING GEAR/SOILS INTERACTION A" D FLOTATION CRITERIA
COMPUTER PROGRAMS

Title of Computer Program: Transient Loading-Sinkage Analysis, Coam-

puter Program - 1

Brief Description: The computer program calculates the instantaneous

(time-dependent) sinkage into a soil medium of a rolling aircraft

tire. The rolling aircraft tire loading is simulated as a dynamic

pulse loading applied in a vertical direction through a mass at the

interface. The duration of the pulse is varied to simulate different

forward velocities of the tire. The soil medium is assumed to be

elastic and the load is applied as a uniform pressure over a

circularly loaded area. The input parameters are the magnitude of
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the mass, shape of load pulse, duration of pulse, radius of loaded

area, intensity of pressure, soil density, and soil shear modulus.

Computer Language: Fortran IV - (IBM)

Equipment: The computer program was originally written for use on the

IBM 7094 at Wright-Patterson Air Force Base, Dayton, Ohio.

Reference: Kraft, David C., "Analytical Landing Gear-Soils Interaction -

Phase I, " AFFDL-TR-68-88, Air Force Flight Dynamics Labora-

tory, Wright-Patterson Air Force Base, Ohio, August 1968.

Title of Computer Program: Flotation Index-Operations Index, Computer

Program - 2

Brief Description: The computer program calculates the flotation capacity

of single and multiple wheel landing gear configurations for operation

on unprepared (soil) runways. The flotation capacity is expressed

by the Flotation Index (FI) and Operations Index (01) which are

calculated based on sinkage and drag. The F1 is the drag ratio of

a given aircraft based on specified operating conditions. The 01 is

the ratio of sinkage to load at the same operating conditions. Current

program results include flotation ratings of all curiently used aircraft

tires on cargo, bomber, and fighter type aircraft. These results

permit aircraft designers to select tires and landing gear configurations

for optimum flotation (minimum drag). Program was revised 6-70.

Computer Language: Fortran IV - (IBM)

Equipment: The computer program was originally written for use on the

IBM 7094 at Wright-Patterson Air Force Base, Dayton, Ohio.

Reference: Kraft, David C., Luming, Henry, and Hoppenjans, J. R.,

"Aircraft Landing Gear-Soils Interaction and Flotation Criteria -

Phase II, " AFFDL-TR-69-76, Air Force Flight Dynamics

Laboratory, Wright -Patterson Air Force Base, Ohio, November 1969.
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Title of Computer Program: Sinkage Wheel Stationary Pulse Load-Sinkage

Prediction, Computer Program - 3

Brief Description: This computer program calculates the instantaneous

sinkage into a soil medium caused by a rolling aircraft tire. The

interface contact of the rolling tire is simulated by a stationary

circular surface contact pressure which is uniform over the contact

area and varies with time in the form of a pulse. The magnitude of

the pressure changes in the same manner as the pressure experienced f
by a soil particle near the surface of the soil as the tire rolls over

it. The soil is assumed to be an elastic-plastic material with elastic

deformation governed by Hooke's law, the plastic deformations

governed by an incremental stress-strain relation which is based on

the normality flow rule, and the plastic yielding governed by the

Drucker-Prager yield criterion with no strain-hardening. The input

soil parameters are the density, the Young's modulus, the cohesion,

and the friction angle. The numerical method used in solving the

boundary value problem is the lumped parameter iteration method.

This method uses an axisymmetric lumped parameter model to

approximate the continuous medium and an iterative procedure to

calculate the displacements and the stresses at the discrete points

of the model.

Computer Language: Fortran IV - (IBM)

Equipment: This computer program was originally written for use on the

IBM 7094-DCS at Wright-Patterson Air Force Base, Dayton, Ohio.

It has a 32K-word core capacity.

Reference: Kraft, David C., Luming, Henry, and Hoppenjans, J. R.,

"Aircraft Landing Gear-Soils Interaction and Flotation Criteria -

Phase II", AFFDL-TR-69-76, Air Force Flight Dynamics Laboratory,

Wright-Patterson Air Force Base, Ohio, November 1969.
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Title of Computer Program: Rolling Single Wheel Sinkage Prediction,

Computer Program - 4

Brief Description: This computer program calculates the instantaneous

sinkage into a soil medium caused by a rolling aircraft tire. The

interface contact of the rolling tire is simulated by a surface contact

pressure which is applied unifor:nly over an area equivaLent to the

tire footprint area and is moved z-cross the surface at the aircraft

horizontal ground velocity. The magnitude of the uniform pressure

increases over a finite rise time from zero to a pressure equal to

the vertical tire load divided by the contact area. The soil medium

is assumed to be an elastic-plastic material with elastic deformations

governed by Hooke's law, the plastic deformations governed by an

incremental stress-strain relation which is based on the normality

flow rule, and the plastic yielding governed by the Drucker-Prager

yield criterion with no strain-hardening. The input soil parameters

are the density, the Young's modulus, the cohesion, and the friction

angle. The numerical method used in solving the boundary value

problem is the lumped parameter iteration method. This method

uses a three-dimensional lumped parameter model to approximate

the continuous medium and an iterative procedure to calculate the

displacements and stresses at the discrete point; of the model. An

input-output scheme is also used for utilizing the limited core

capacity for the three-dimensional problem.

Computer Language: Fortran IV - (IBM)

Equipment: This computer program was originally written for use on the

IBM 7094-DCS at Wright-Patterson Air Force Base, Dayton, Ohio.

It has a 32K-word core capacity.

Reference: Luming, H., "Analytical Landing Gear-Soil Interaction - Phase

II, Rolling Single Wheel Analytical Sinkage Prediction Technique and
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Computer Program," AFFDL-TR-70-142, Air Force Flight

Dynamics Laboratory, Wright-Patterson Air Force Base, Ohio,

September 1970.

Title of Computer Program: Multiwheel Stationary Pulse Load Sinkage

Prediction, Computer Program - 5

Brief Description: This computer program calculates the instantaneous

sinkage into a soil medium caused by a pair of rolling twin aircraft

tires. If the sinkages for various twin-wheel spacings we-e cal-

culated and compared with the corresp-nding single-wheel sinkage,

twin wheel effects of aircraft landing gear configurations could be

obtained for use in flotation studies. The interface contacts of the

rolling twin tires are simulated by two stationary surface pressure

strips which are uniformly distributed and vary with time in the

form of a pulse. The magnitude of the pressure changes in the same

manner as the pressure experienced by a soil particle near the

surface of the soil as the tire rolls over it. The soil is assumed

to be an elastic-plastic material with elastic deformations governed

by Hooke's law, the plastic deformations governed by an incremental

stress-strain relation which is based on the normality flow rule,

and the plastic yielding governed by the Drucker-Prager yield

criterion with no strain-hardening. The input soil parameters are

the density, the Young's modulus, the cohesion, and the friction angle.

The numerical method used in solving the boundary value problem is

the lumped parameter iteration method. This method uses a plane-

strain two dimensional lumped parameter model to approximate the

continuous medium and ar. iterative procedure to calculate the dis-

placements and stresses at the discrete points of the model.

Computer Language: Fortran IV - (IBM)
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Equipment: This computer program was originally written for use on the

IBM 7094-DCS at Wright-Patterson Air Force Base, Dayton, Ohio.

It has a 32K-word core capacity.

Reference: Luming, Henry, "Multiwheel Landing Gear-Soil Interaction -

Phase III, Multiwheel Vertical Pulse Load Analytical Sinkage Pre-

diction Technique and Computer Program, " R&D Computer Program

Report, Report No. UDRI-TR-70-22, University of Dayton Research

Institute, Dayton, Ohio, May 1970.

Title of Computer Program: Rolling Tandem Wheel Sinkage Prediction,

Computer Program - 6

Brief Description: This computer program calculates the instantaneous

sinkage into a soil medium caused by a pair of free-rolling tandem-

tracking aircraft tires. If the sinkages for various tandem-wheel

spacings were calculated and compared with the corresponding single-

wheel sinkage, tandem wheel effects of aircraft landing gear config-

urations could be obtained for use in flotation studies. The interface

contacts of the rolling tandem tires are simulated by two surface

pressure strips which are applied uniformly over areas with width

equal to the tire footprint length. The pressure strips are moved

across the surface at the aircraft horizontal ground velocity. The

magnitude of uniform pressure increases over a finite rise time from

zero to a pressure equal to the vertical tire load divided by the

contact area. The soil is assumed to be an elastic-plastic material

with elastic deformations governed by Hooke's law, the plastic

deformations governed by an incremental stress-strain relation

which is based on the normality flow rule, and the plastic yielding

governed by the Drucker-Prager yeild criterion with no strain-

hardening. The input soil parameters are the density, the Young's

modulus, the cohesion, and the friction angle. The numerical
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i method used in solving the boundary value problem is the lumped

parameter iteration method. This method uses a plane-strain two

dimensional lumped parameter model to approximate the continuous

medium and an iterative procedure to calculate the displacements

and stresses at the discrete points of the model.

Computer Language: Fortran IV - (IBM and CDC)

Equipment: This computer program was originally written for use on the

IBM 7094-DCS at Wright-Patterson Air Force Base, Dayton, Ohio.

It has a 32K-word core capacity. A version for use on the CDC-6600

at Wright-Patterson Air Force Base is also available.

Reference: Luming, Henry, "Multiwheel Landing Gear-Soil Interaction -

Phase III, Rolling Multiwheel Analytical Sinkage Prediction Technique

and Computer Program, " R&D Computer Program Report, Report No.

UDRI-TR-71-08, University of Dayton Research Institute, Dayton,

Ohio, April 1971.

Title of Computer Program: Braked Wheel Sinkage Prediction Computer

Program

Brief Description: This computer program calculates the instantaneous

sinkage of a braked aircraft tire into a soil runway. The loading

applied to the soil surface is simulated by a uniform vertical pressure

acting simultaneously with a uniform horizontal shear which is given

as a percentage of the vertical load. The load is applied over an area

with width equal to the tire footprint length. The soil is assumed to 4

be an elastic-plastic matrix with elastic deformations governed by

Hooke's Law, the plastic deformations governed by an incremental

stress-strain relation which is based on the normality flow rule, and

the plastic yielding governed by the Drucker-Prager yield criterion

with no strain hardening. The input soil parameters are the density,

Young's modulus, cohesion, and friction angle. The soil is assumed

to be in a state of plane strain and is modeled by a two-dimensional
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lumped parameter approach. An iterative procedure is utilized to

compute the displacements and stresses at the discrete points of the

model.

Computer Language: Fortran IV

Equipment: This computer program was written for use on the CDC 6600

digital computer at Wright-Patterson Air Force Base.

Reference: Bogner, Fred K., "Braked Wheel Sinkage Prediction Technique

and Computer Program" (in preparation).
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